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Abstract
Transition Metal Dichalcogenides (TMDs) are remarkable due to their distinct physical and
chemical characteristics when the number of layers is changed. When interfaced with metal
nanoparticles, these hybrid materials such as MoS2-Au nanoparticles exhibit enhanced
properties that can be used for applications such as in sensing, catalysis, and photovoltaics
devices by enhancing their signals and tuning their physical properties. Also, 2D MoS 2 can
be a useful platform as a SERS substrate for organic molecules detection, including
Rhodamine 6G (R6G) as a photosensitizer in MoS2 devices.
In this thesis, MoS2 flakes were prepared using the chemical vapor deposition (CVD)
technique on SiO2/Si substrates. Tip-Enhanced Raman Spectroscopy was used to investigate
the effect of varying MoS2 thicknesses on Raman modes. Raspberry-like gold nanoparticles
and R6G molecules were coated on MoS2 flakes to investigate the plasmon-exciton and dye
effect respectively, on Raman and photoluminescence enhancements using tip-enhanced
scattering and contact potential difference microscopy.

Keywords
2D materials, transition metal dichalcogenides, molybdenum disulfide (MoS2), hybrid
system, raspberry-like gold nanoparticles, Rhodamine 6G (R6G), tip-enhanced Raman
spectroscopy, Kelvin probe force microscopy, atomic force microscopy, chemical vapor
deposition.
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Summary for Lay Audience
The world is changing due to various nanomaterials. Computers and machines used to be
large and bulky, but now they are small and light, with superior performance. This is owing
to the rapid advancement of technology, which has allowed the development of smaller and
faster equipment. Not only may the size of bulk devices be decreased by studying
nanoparticles, but new material properties can also be discovered. As a result, modern
societies have launched large scale initiatives over the past 20 years to develop
nanotechnologies to develop many applications ranging from sensing, displays, or wearables.
If common materials that we utilize everyday are generally bulky and have a 3D
organization, two-dimensional (2D) materials are of particular interest and present new
properties due to this lower dimensionality. For instance, 2D materials are used to make
automobile sensors, solar cells, semiconductors, batteries, and data storage. Graphene and
transition metal dichalcogenides (TMDs) are examples of 2D materials with various uses.
TMDs are utilized in solar cells, which is one of their most important applications. These
materials are semiconductors in optoelectronic applications, and their optical and electrical
characteristics result in efficiency improvement. In order to synthesize TMDs, new
approaches and methodologies are now being studied. Furthermore, TMDs can be interfaced
with other molecular or nanomaterials entities thus providing new properties. In this work,
we describe the synthesis of TMDs, their interfacing with gold nanoparticles and organic
molecules. Moreover, a series of experiments were conducted to characterizing these
materials at the nanoscale, thus ensuring that the properties are matching the desired outcome
Atomic Force Microscopy (AFM) is a material characterization method that reveals the
topography of the 2D nanoflakes and the presence of local nanoscale defects. Raman
Spectroscopy and tip-enhanced Raman spectroscopy as spectroscopy methods that provide
indications about the purity of the 2D materials as well as the presence of multiple layers.
Combined together, these experiments are critical to characterize these 2D materials ensuring
that they exhibit tailored properties for specific applications.
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Chapter 1

1

Introduction

Two-dimensional (2D) materials have proven especially attractive owing to their
distinctive structure and exceptional optical, thermal, mechanical, and electrical
characteristics.1 2D materials have been widely used for different applications such as
catalysis, sensing, and energy storage.1 Each 2D layered material class has its own set of
features; for instance, transition metal dichalcogenides (TMDs) such as MoS2 and MoSe2
have a direct bandgap in 2D form, making them useful for a variety of applications,
including energy storage, electrical devices, optoelectronics, and biosensing.2 Subtle
changes of the synthesis parameters of the TMDs can result in various optical and
electrical characteristics, variable number of layers and lateral dimensions of generated
2D flakes.1 Characterization of 2D TMDs with nanoscale resolution is thus crucial for
understanding their properties because 2D TMDs can be affected by physical and
chemical variables such as nanoscale crystalline defects, local strain and chemical
interactions in the monolayer structure, which are all examples of variables that might
alter the characteristics of these 2D materials. Understanding these characteristics at the
scale of a single flake thus gives important set of information for further use and
integration of these materials in devices.1
On the other hand, an hybrid TMDs coated with metal nanoparticles such as gold or
silver can increase the optical and electrical performances of TMDs for various
applications such as sensing, catalysis, and photovoltaic devices through the interaction
between exciton and plasmon.3 Moreover, organic dyes functionalized at the surface of
TMD can also be used to tune the optical and electrical properties of the 2D flakes.4
Therefore, nanoscale techniques with high spatial resolution are essential for studying
hybrid systems revealing only the physical interaction of the hydride materials but also
their interaction and how they affect the optical and electrical properties of the resulting
materials.
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In the context of nanomaterial characterization, tip-enhanced Raman spectroscopy
(TERS) is a vibrational spectroscopy technique in which a nanoscale metallic probe
examines a material’s surface with a spatial resolution better than 20 nm.5 The TERS
probe is an atomic force microscope tip coated with a thin metallic film and with a sharp
apex of around 10-20 nm diameter. The locally increased electromagnetic field is
produced by irradiating the metallic tip that is in turn utilized to scan a nanomaterial
surface with a spatial resolution limited only by the tip’s apex thus providing sub 20 nm
spatial resolution.5 Kelvin probe force microscopy also uses a conductive AFM tip to
probe the surface properties of the flake.
In this work, 2D flakes of MoS2 were produced by chemical vapor deposition (CVD).
Their surface was decorated with raspberry-like gold nanoparticles and rhodamine 6G
(R6G) organic dye molecules in order to alter their electrical and optical properties which
are then measured with near-field scanning techniques such as TERS and Kelvin probe
force Microscopy (KPFM).

1.1 Two-dimensional (2D) materials
Technological advancements associated with the benefits of functional materials used in
various applications contribute to significant economic gains.1 Accurate tuning of
conventional 3D bulk materials according to researchers’ ambitions necessitates
sophisticated procedures and techniques and is extremely difficult to achieve in practice
on large volumes or surface.6 The discovery of two-dimensional – single atom thickcrystals started with graphene in the early 2000’ and opened many new possibilities and
properties to exploit together with an excellent potential for their integration into
devices.7 2D layered materials have remarkable physical and chemical properties as well
as their distinctive structure and dimensionality, both of which play a crucial role in
fundamental characteristics.1 For instance, the optical and electrical characteristics of 2D
materials are entirely different from those of bulk materials owing to the trapping of
electrons and the elimination of interlayer interactions that play a significant role in the
band structure shown in these materials.8
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2D materials have been widely used for different applications such as electronic devices,
energy storage, biosensing, and catalysis owing to their atomic arrangement’s unique
structure that gives novel interesting and tuned characteristics.9-11 A summary of 2D
materials with various properties is shown in Figure 1.1.12 Different 2D materials can act
as insulators, semiconductors, metals, or even superconductors electrically based on their
chemistry and structural arrangements. The layers number of 2D materials can be
adjusted in general to tailor their particular characteristics. The ability to anticipate the
physical characteristics of layered materials with a precise number of layers can guide the
development and manufacturing of innovative electrical and optoelectronic devices.13

Figure 1.1. The library of 2D materials. Blue color shows monolayers that are stable
in ambient conditions; green color shows monolayers that are likely to be stable in
the air; pink color shows monolayers that are unstable in the air but may be stable
in an inert environment, and grey color shows bulk materials that have been
effectively exfoliated to monolayer.12 Adapted with permission from ref. [12].
Graphene, which was separated from graphite, was discovered in 2004 as the first 2D
material.8 Graphene has inspired a lot of scientific attention because of its numerous
significant characteristics, including outstanding thermal and electric conductivity and
high impermeability to molecules and limited thermal effects.14 Owing of its exceptional
properties, graphene may be used in a variety of current technologies such as electronic
devices (transistors and sensors), photoelectric and optoelectronic devices, heat and
energy management and medical treatment.15 Graphene’s zero bandgap is however a
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limiting aspect of graphene constraining its applications as a conductor, thus opening the
quest for new 2D materials with tunable semiconducting properties.16-17
Transition metal dichalcogenides (TMDs, such as MoS2, WS2, MoSe2, WSe2, etc.) have
recently attracted a lot of attention since they are atomically thin. TMDs are potential
semiconductor nanomaterials that have a combination of atomic-scale thickness, direct
bandgap,

high

spin-orbit

coupling,

and

favorable

electrical

and

mechanical

characteristics, making them appealing for both fundamental research and a wide range
of applications in electronics, optoelectronics, and photovoltaic. TMDs research, on the
other hand, is still in its infancy.14, 17

1.1.1

2D Transition Metal Dichalcogenides (TMDs)

TMDs are a two-dimensional materials with a layered structure known as thin-layer
semiconductor materials.18 TMDs can be described by MX2 type, with M indicating the
transition metal such as Molybdenum (Mo), Tungsten (W), or Vanadium (V) element and
X representing the chalcogen such as Sulfur (S), Selenium (Se), or Tellurium (Te).18
Figure 1.2 shows the typical layered structure of TMDs. A single unit layer in TMDs is
three atoms thick and composed of chalcogen atoms. They are arranged in two hexagonal
planes separated by a plane of metal atoms in these materials, forming layered structures
of the pattern X–M–X.19-20

Figure 1.2. The schematic of a standard MX2 arrangement. The yellow color is
chalcogen atoms (X), and the grey color is metal atoms (M).19 Figure with
permission from ref. [19].

5

In TMDs structure, interlayer bonds between two MX2 sheets are generally van der
Waals bonds, but interlayer bonds between M and X sheets are covalent. As a result of
the weak van der Waals connection between layers, TMDs may be exfoliated down to
single layers.20 Van der Waals interaction weakens adjacent layers to form the bulk
crystal in a range of polytypes that have the same close-packed planes with different
stacking orders and metal atom coordination. Transition metal dichalcogenides have
hexagonal or rhombohedral overall symmetry, and metal atoms have octahedral or
trigonal prismatic coordination.21 Figure 1.3 illustrates the schematic of TMDs
structure.19 Trigonal prismatic which is related to D3h point group or honeycomb motif
known as 2H (1H for a monolayer). Also octahedral which is related to D3d point group
or centered-honeycomb known as 1T.22 As the chalcogen atomic number increases (i.e.,
X = S, Se, Te), the half-filled d-orbitals of transition metals from VIB group (i.e., M =
Cr, Mo, W) result in semiconducting behavior with a reduced bandgap. These
semiconducting TMDs are mostly found in the 2H polytype; however, chemical
processing has allowed reversible conversions to the 1T polytype.22

Figure 1.3. The schematics of different TMDs structures as 2H, 3R, and 1T. 2H is
two layers per repetition unit with hexagonal symmetry and trigonal prismatic
coordination. 3R is three layers per repetition unit with rhombohedral symmetry
and trigonal prismatic coordination. 1T is one layer per repetition unit with
tetragonal symmetry and octahedral coordination.19 Figure with permission from
ref. [19].
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Molybdenum disulfide (MoS2) is one of the most studied TMDs due to its chemical
stability and easy synthesis.17 Because of its unique electrical, optical, and catalytic
characteristics, MoS2 has been widely employed in various applications, including
thermochemical

catalyst,

photovoltaic

systems,

photosensitizer,

nanotribology,

rechargeable battery, and dry lubrication.21

1.1.2

Molybdenum disulfide (MoS2)

Bulk MoS2 has been shown to have three structural polymorphs: 2H, 3R, and 1T.23 The
structural alterations in MoS2 are responsible to its physical characteristics. The S-Mo-S
layers packed in hexagonal symmetry in naturally occurring bulk MoS2 have a
thermodynamically favorable 2H phase. Moreover, in each single layer with
rhombohedral symmetry, the 3R structure of MoS2 shares the MoS6 with 2H. 1T phase is
metastable, and it does not exist naturally, but it may be produced as a single layer by
chemical or electrochemical exfoliation from bulk 2H-MoS2.23 Each unit cell of the
metastable 1T has one layer of Mo atoms arranged in an octahedral symmetric
configuration (Figure 1.4). Because of its metastability, 1T-MoS2 may be easily
converted to the 2H phase by intralayer atomic gliding under certain situations. 2H-MoS2
is a semiconducting material, whereas 1T-MoS2 is a metallic material.23

Figure 1.4. Bulk MoS2 crystals’ structural polytypes include 2H, 1T, and 3R phases
based on known structure.24 Figure with permission from ref. [24].
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For a monolayer MoS2, there are two phases of metallic atom coordination symmetry:
trigonal prismatic coordination, with AbA layering of the three atomic layers, and D3h
symmetry, known as 1H phase. The other structure is octahedral coordination having
AbC stacking and D3d symmetry known as 1T phase.25 Figure 1.5 shows the atomic
structure of monolayer MoS2.25

Figure 1.5. Atomic structure of single-layer MoS2.25 Figure with permission from
ref. [25].
The electronic structure of MoS2 is responsible for its outstanding electrical and optical
characteristics. 2H-MoS2 is a semiconductor with a 1.2 eV indirect bandgap in bulk form,
while the monolayer MoS2 semiconductor has a bandgap of 1.8 eV and is a direct
bandgap semiconductor.21 Figure 1.6 shows the band structure of MoS2 that explains the
indirect to direct bandgap change when decreasing the number of layers.25

Figure 1.6. The band structures for MoS2 with various numbers of layers were
calculated. The solid arrow depicts the change of the bandgap as the number of
layers is reduced. At K point, multilayer MoS2 has an indirect bandgap, whereas
monolayer MoS2 has a direct bandgap.25 Figure with permission from ref. [25].

8

According to Figure 1.6, the valence band maximum (VBM) is placed at Г point in the
bulk MoS2, while the conduction band minimum (CBM) lies midway between the Г and
K lines, describing an indirect bandgap.25 The energy of the indirect gap increases as the
number of layers is reduced, and MoS2 eventually becomes a direct bandgap at K point
when MoS2 approaches the monolayer phase. The number of layers has little effect on the
gap at K point. This development is caused by confinement effects and interactions
between the pz orbitals of S atoms in surrounding layers, contributing to the indirect
bandgap. Because of spin-orbit coupling, the VBM at the K point in monolayer MoS2 is
divided.25
The characteristics of monolayer and few-layer MoS2 are highly intriguing and might be
beneficial in different applications. The successful synthesis of mono- and few-layer
MoS2 is a necessary primary step in defining layer-dependent changes in
its characteristics and laying the groundwork for its incorporation into a wide range of
applications.10 Two-dimensional materials can be synthetized through top-down and
bottom-up approaches.10 The mechanisms involved in the production of nanometer-sized
structures are what distinguishes these two basic categories. In the bottom-up method,
nanoscale materials are built from atomic or molecule precursors that can react and
expand in size or self-assemble into more complicated structures. On the other hand, the
top-down method such as exfoliation, carves nanoscale structures by carefully removing
components from larger bulk objects.10
The top-down physical method uses mechanical force or ultrasonic waves to exfoliate
layered van der Waals solids into mono- and few-layer 2D materials. In contrast, the topdown chemical method depends mainly on chemical reactions induced by the ion
exchange and heat. The examples of method are: ultrasonic exfoliation, lithiumintercalated and exfoliation, micromechanical exfoliation, and ion-change exfoliation.10
In the bottom-up approach, nanoscale materials are built from atomic or molecule
precursors that can react and expand in size or self-assemble into more complicated
structures. Examples of bottom-up strategy are: wet chemical strategy, microwaveassisted method, topochemical transformation, and chemical vapor deposition (CVD).10

9

1.2 The hybrid system of TMDs and metal nanostructures
Hybrid materials, which combine 2D TMDs with noble metal (gold, silver) nanoparticles
(NPs), bring up new possibilities and applications in sensing, catalysis, and photovoltaics
fields.3 In general, the coherent exciton-plasmon interaction may be seen in a hybrid
system comprising noble metal nanostructures and 2D TMDs. Furthermore, nanoscale
light-matter interaction in the noble metal nanostructure-2D TMDs heterostructure can
produce unusual photonic behavior. As a result, understanding these characteristics at the
nanoscale is critical for developing noble metal/TMD hybrid systems as functional
systems.26-27
The composition system of 2D MoS2 and metallic nanostructures has gotten a lot of
interest because this combination has generated numerous remarkable occurrences.
Metal-MoS2 interaction can boost the fluorescence of certain excitons while also raising
the temperature of MoS2. This connection has also been shown to increase the light
response speed. Also, it can prove the photocurrent of transition metal dichalcogenide
which is in optoelectronic devices, as well as MoS2’s photocatalytic and electrocatalytic
abilities.28
Work performed by Yang et al.29 showed that graphene-MoS2/Ag nanoparticles (NPs)
hybrid system could successfully enhance the efficiency and the probability of the surface
catalytic reactions. In fact, with the interaction of excitons-plasmons, the density of states
(DOS) and the lifetime of hot electrons from femtosecond up to picosecond increases. In
fact, the hybridization of MoS2 and Ag NPs as plasmonic metals can reduce the bandgap
and improve the DOS and the lifetime duration of hot electrons. These hot electrons are
produced during the reaction that neutralizes the holes from exciton and results in energy
transmission, and can negatively charge the semiconductor.29
Moreover, for comparing the catalytic effect with the coupling of plasmon-exciton and
plasmon only, both Ag NPs and MoS2/Ag NPs hybrid systems were used as substrates.
From SERS spectra, they found that MoS2 layers weaken the electric field intensity.
However, hot electrons can quickly move to MoS2 and subsequently, LSPR can excite
the charge carriers that are produced from MoS2 directly. In fact, the carrier-carrier
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interaction has an important role in the reaction, and the interaction of carrier-photon can
drive chemical reactions by changing to thermal energy. Finally, the efficiency of
interaction of plasmon-exciton co-driven catalytic reactions appear higher as compared to
plasmon-driven catalytic reactions.29
On the other hand, the nanohybrid MoS2/Au-NPs structure and the combination catalytic
actions of both MoS2 nanosheets and Au-NPs were studied for rechargeable Li–O2
batteries. They concluded the MoS2/Au-NPs nanohybrids as catalysts demonstrated better
Li–O2 battery performance with low discharge overpotential, high specific capacity, and
good cyclability, owing to the high electrocatalytic activities of MoS2 and Au-NPs.30
To study the electrical properties of hybrid MoS2/Au-NPs used in electrical devices and
energy transfer, Shakya et al.31 studied the Fermi energy level of synthesized MoS2
nanosheets decorated with different concentrations of Au salt solution. Scanning Kelvin
probe force microscopy, which evaluates the work function in terms of contact potential
difference, was used to examine the influence of Au-NPs decorating on the Fermi energy
level of MoS2 nanosheets. The substantial change in the value of the work function of
MoS2 with the addition of Au-NPs indicates that the presence of Au-NPs alters the
surface potential of MoS2 sheets (Figure 1.7).

Figure 1.7. Changing of MoS2 work function as a function of Au concentration.31
Figure with permission from ref. [31].
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The Fermi energy level in MoS2 nanosheets shifts as a result of these modifications. The
electron transfer from MoS2 to Au may have caused the Fermi energy level to change.31
The decoration of these NPs causes p-type doping in MoS2 sheets, which causes the
Fermi energy level of MoS2 sheets to change. In this situation, the Au-NPs serve as a
trapping center for electrons in the MoS2 conduction band. The energy level
corresponding to MoS2’s conduction band is higher than Au’s Fermi energy level. This
facilitates the passage of a free electron from MoS2’s conduction band to Au-NPs. As a
result, Au-NPs function as an electron trapping center, causing the Fermi energy level to
move toward the valence band of MoS2.31

1.3 Functionalizing TMDs with organic molecules
Chemically enhanced Raman scattering (CERS) has recently received a lot of attention.32
The Raman enhancement in this method is caused by chemical interaction between a
target molecule and the enhancing material, which eliminates undesired fluorescence.32
Recently, researchers have begun to use graphene as a CERS substrate to reduce
fluorescent noise and increase the Raman signals of attached fluorophores. Charge
transfer between graphene and the probing molecules is thought to play a significant role
in graphene-mediated enhanced Raman scattering (GERS).32 The electrons or holes that
are transferred disturb the recombination of electrons and holes that are utilized to
fluoresce. However, the actual mechanism driving TMD-induced chemical improvement
of Raman scattering, particularly the involvement of charge transfer in the presence of an
inherent bandgap within the visible range, is yet unknown.32
Moreover, transition metal dichalcogenides (TMDs) such as MoS2, WS2, WSe2, and
NbSe2 have structural characteristics comparable to graphene with remarkable chemical,
electrical, and optical properties near the visible range.32 These materials might be
excellent CERS platforms because they allow for stable physiochemical attachment of
organic molecules to the substrate while also allowing for interlayer charge transfer.
Lee et al.32 studied MoS2 and WSe2 as CERS platforms to study the surface increased
Raman scattering of Rhodamine 6G (R6G) as a highly fluorescent chemical and
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compared the Raman enhancement phenomena to that achieved on the graphene substrate
(Figure 1.8).

Figure 1.8. Raman Spectra of R6G molecules on four different substrates (SiO 2/Si,
monolayer MoS2, WSe2 and graphene).32 Figure with permission from ref. [32].
The black spectrum shows only the fluorescent background when R6G molecules are on
the SiO2/Si substrate. Moreover, the chemical enhancement factor of R6G molecules on
the MoS2 substrate was lower than that on graphene and WSe2. The order of magnitude
discrepancy in the enhancement factors was due to variations in charge transfer and
dipole-dipole couplings. The overall increased Raman signals of R6G on WSe2 and MoS2
may be due to the enhanced charge transfer associated with their energy band structure
because the surface polarities of MoS2 and WSe2 should be comparable.32
On the other hand, Yu et al.4 demonstrated photoinduced charge transfer from R6G to
MoS2 (Figure 1.9) substantially improved the photoresponse of the single MoS2
photodetector when R6G dyes were deposited onto the MoS2 surfaces. The approach
presented in this work is an important step toward developing the next-generation of
high-performance photodetectors using 2D nanomaterials.4
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Figure 1.9. Schematic of the band diagram of functionalized MoS2 with R6G
molecules under illumination.4 Figure with permission from ref. [4].

1.4 Photoluminescence Spectroscopy
The radiative decay of photoexcited semiconductors may be examined via
photoluminescence spectroscopy. In the most basic scenario, monochromatic light with
an energy above the band gap is used to excite a sample. Electron–hole pairs are formed
as a result of absorption. The electrons and holes in the conduction band and the valence
band, respectively would generally relax to the band boundaries after excitation, with the
surplus energy being released into the lattice through phonon excitation. When
recombination happens radiatively from the band edges, a photon is released, with an
energy that roughly corresponds to the material’s band gap energy. This is known as band
edge photoluminescence.33

1.5 Raman Spectroscopy
The Raman effect was first observed in 1922 by Chandrasekhara Venkata Raman and
was labelled "molecular diffraction of light".34-35 C.V. Raman received the Nobel Prize in
Physics in 1930 for his study on light diffusion and its original discovery.35 Figure 1.10
shows the summary of findings in Raman spectroscopy during years from 1871 to 2018.36
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Figure 1.10. A summary of Raman spectroscopy history, red mark shows the Nobel
Prizes.36 Figure with permission from ref. [36].
Raman scattering occurs when incoming electromagnetic energy interacts with molecular
vibration and therefore obtain information about atomic vibrations.37 The molecular
structure and chemical content of a material can be identified by collecting Raman
spectra.38
The sample is irradiated with mono-wavelength laser light in Raman spectroscopy, and
the scattered light is captured using optics and a detector in the analyzer.39 When a
molecule interacts with an electromagnetic wave, the molecule scatters the majority of
the incident beam. This scattering can keep, gain, or lose the incident energy. Figure 1.11
shows the Raman and Rayleigh scattering.39
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Figure 1.11. Raman and Rayleigh scattering.39 Figure with permission from ref.
[39].
The majority of the scattering energy is made up of Rayleigh or elastic scattering, which
happens when just electron-cloud distortion is involved in scattering without any change
of energy.39 In fact, the electron orbits inside the constituent molecule are dispersed
regularly with the same frequency (ʋ0) as the incident electromagnetic wave in Rayleigh
scattering.40 The periodic separation of charge inside the molecules causes the electron
clouds to oscillate and is referred as the variation of molecular polarizability.40
Raman Stokes scattered photons are photons that scatter from molecular centers with less
energy than they had before the incident. The energy of scattered photons is greater than
the energy of incident photons in the Raman anti-Stokes line. Raman anti-Stoke is caused
by photon scattering from molecules with high vibrational states.39 Both Raman Stokes
and anti-Stokes are referred as inelastic scattering. The Raman anti-Stokes and Stokes
peaks are symmetrically located around the Rayleigh scattering; however, their intensities
are considerably different unless at low vibrational energy, following Boltzmann’s
distribution.39
Raman spectroscopy generally focusses on the collection and analysis of Stokes
scattering. A monochromator analyzes the scattered photons thus yielding a vibrational

16

spectrum. In the context of TMD characterization, Raman spectroscopy may be used to
extract properties such as the number of layers, inter-layer breathing and shear modes, inplane anisotropy, doping, disorder, strain, and phonon modes.41
In terms of sensitivity and spatial resolution, Raman spectroscopy has several limits. 39, 42
Raman scattering has a very low quantum yield where only 1 over 107 photons is Stokes
shifted making it difficult to detect and requiring high-efficiency detectors or long
acquisition times. From a spatial resolution standpoint, when used in combination with an
optical microscope, the spatial resolution is usually λ/(2 N.A.), where λ and N.A. are the
incident wavelength and the numerical aperture of the microscope objective, respectively.
Experimentally, the spatial resolution of a Raman measurement collected in confocal
mode is close to 500 nm.39,

42

Tip-enhanced Raman spectroscopy (TERS) technique

overcomes this restriction by providing a spatial resolution of ~10-20 nm due to the use
of a local metallic probe with similar dimensions. The TERS effect is mainly driven by a
local enhancement of the electromagnetic field through the excitation of a plasmon mode.
In the next paragraph we provide the principles of plasmonic and of its importance in
TERS spectroscopy.

1.6 Principle of Plasmonics
Plasmonics focusses on the interaction between light and conductive nanostructures. On
both a practical and theoretical level, the field of plasmonics has grown significantly
during the last decade and has opened many applications from optical sensing or photonic
filters to plasmon-mediated chemical reactions.43 Surface plasmons (SP) are a type of
collective free electron oscillation that occurs at the surface of metallic objects when light
is irradiated. Surface plasmons are, therefore vibrations of electric charges at the surface
that are influenced by the nanostructure’s geometry, shape, and the irradiation parameters
such as wavelength or polarization.43 In fact, metallic particles can generate a powerful
local surface plasmon resonance (LSPR) enhancement, which can be exploited to
improve spatial resolution and sensitivity in optical measurements like infrared, Raman,
or fluorescence spectroscopy.44
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1.6.1

Surface plasmon

The plasmon wave, which is formed by the collective oscillation of free electrons, causes
a dipole in the material.45 The Wood anomalies were initially discovered in 1950 at the
interface of a metallic grating and a dielectric as the first observation of surface
plasmon.46 Surface plasmons are divided into two categories based on the conductive
surface, continuous structure, or discrete structure: surface plasmon polaritons (SPP) and
localized surface plasmons (LSP).47 Localized surface plasmons in this work are used in
TERS spectroscopy to yield spatially resolved vibrational spectra and maps.

1.6.2

Localized surface plasmon resonance

The schematic representation of the localized surface plasmon is shown in Figure 1.12.
When light interacts with conductive nanoparticles (NPs) with dimensions smaller than
the incoming wavelength, the impinging electromagnetic (EM) field is confined in its
vicinity, resulting in localized surface plasmon resonance (LSPR).48 The electric field of
incoming light excites all the electrons in the conduction band in localized surface
plasmon resonance. When the frequency of the EM field matches the plasmon frequency
of the nanostructure, a coherent localized plasmon oscillation with a resonant frequency
is generated.48 The dielectric constants of the conductive material (usually gold, silver, or
aluminum) and the physical characteristics of nanoparticles (NPs), such as composition,
shape, size, dielectric environment, and distance between NPs, determine the plasmon
frequency.48

Figure 1.12. Schematic diagram of a localized surface plasmon.
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1.7 Tip-Enhanced Raman Spectroscopy
As previously stated, Raman spectroscopy provides a vibrational spectrum that may be
used to determine a sample’s molecular structure and quantity.5 Because just one photon
in 10 million is dispersed inelastically, most molecules have a weak Raman scattering. A
surface-enhanced technique is used to overcome this low sensitivity as surface-enhanced
Raman spectroscopy (SERS).5 Figure 1.13 shows the schematic of SERS. In 1974, when
Fleischmann et al. investigated pyridine on the rough substrate of a silver electrode, they
discovered SERS for the first time.41 In the SERS technique, metallic nanostructures can
successfully be utilized to enhance Raman sensitivity through a local field enhancement.
Metallic nanostructures can generate a very high local surface plasmon resonance (LSPR)
enhancement.5 As a result, in a SERS hotspot where the electromagnetic field is locally
confined, Raman scattering from materials significantly increases due to a larger local
electric field. The Raman scattering signals of molecules adsorbed on the surface of
rough metals (e.g., Ag, Au, Cu) or metal nanoparticles (i.e., SERS substrate) are
substantially amplified up to 14 orders enabling the identification single molecules.49
Therefore, SERS has been used in various fields because of its great sensitivity and
detection of low Raman cross-sections of diverse compounds. In particular, its
application to biomolecules has led to many applications for health monitoring, detection
of cancer cells or pollutants.

Figure 1.13. Principle of Surface-Enhanced Raman Spectroscopy (SERS). The
metallic nanostructures provide large enhancement of the local electric field thus
yielding spectra with higher magnitude.
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On the other hand, SERS has certain drawbacks, including5 (i) The SERS technique
needs close contact between the molecules of interest and the enhancing substrate, (ii) the
substrate has limited selectivity for a given molecule, (iii) The SERS signal is a
macroscopic measurement with no spatial information, (iv) SERS substrates can be
challenging to utilize as a trustworthy analytical tool since they generally do not produce
consistent results.50
Tip-enhanced Raman spectroscopy (TERS) was developed to address some of the above
issues and relies on the localized enhancement at the extremity of a single metallic
nanoparticle represented by a coated AFM tip. TERS technique was developed in the
early 2000 by several research groups.41 Figure 1.14 illustrates the schematic of TERS
technique with three different optical configurations.51 Chemical imaging capabilities
with nanometer-scale spatial resolution can be achieved by scanning such a metallic
particle using a scanning probe microscope with extremely fine control over the particle’s
x, y, and z positions using piezoelectric stages.51

Figure 1.14. TERS schematic with three different configurations: (a) bottom
illumination/collection,

(b)

side

illumination/collection,

and

(c)

top

illumination/collection.51 Figure with permission from ref. [51].
In TERS configuration, an incident laser beam is focused on the apex of the sharp metal
tip or metal-coated AFM tip. The electromagnetic field is restricted and enhanced at the
metal tip’s apex. Indeed, the localized surface plasmon (LSP) resonance and the lightning
rod effect combine to provide local enhancement.51
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Kazemi-Zanjani et al.52 studied the spatial dispersion and the enhancement of the
localized electric field enhancement in TERS by simulation. Figure 1.15 illustrates the
locally enhanced electric field at the apex of the silver tip using linear or radial
excitation.52

Figure 1.15. Distribution of electric field at the apex of silver tip (a) along the axis of
the tip with linearly polarized light, (b) along the axis of the tip with linearly
polarized light and 1 nm gap from a gold substrate, (c) perpendicular to the axis of
the tip with linearly polarized light, (d) perpendicular the axis of the tip with
linearly polarized light and 1 nm gap from a gold substrate, (e) along the axis of the
tip with radially polarized light and (f) along the axis of the tip with radially
polarized light and 1 nm gap from a gold substrate.52 Figure adapted with
permission from ref. [52] © The Optical Society.
According to this work, a significant improvement of the TERS sensitivity can be
obtained by using a gold or silver substrate thus creating a gap-mode junction which can
be exploited for optimal TERS signal. In terms of incoming light polarization, they found
that side irradiation with the polarization axis aligned along the tip axis is optimal for a
linear input polarization. Furthermore, axial irradiation with radial polarization provides
the greatest electric field confinement, making it suitable for TERS measurements.52 On
the other hand, The optical characteristics of the junction generated by the metallic tip
and the substrate determine the excitation. The hetero-metallic junction generated by a
silver tip and a thin gold layer promises to be highly efficient.52
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Therefore, in TERS method, both excitation and Raman signal from molecules in the
vicinity of the tip apex is increased under suitable illumination conditions, resulting in
chemical imaging with spatial resolution dependent only on the diameter of the single
metallic particle. As a result of this improvement, the spatial resolution of Raman
measurements has improved significantly, from 500 nm to better than 20 nm.51
Work performed by Smithe et al.53 is the first study of monolayer MoSe2 with TERS and
combined with other scanning probe microscopy (SPM) methods; all have a spatial
resolution of less than 20 nanometers. Figure 1.16 illustrates TERS measurements on
monocrystalline and polycrystalline MoSe2 to investigate probable variations in
morphologies. Their measurements indicate two different types of TERS spectra in both
cases: a non-resonant spectrum with a single strong peak as the A1′ mode at 240 cm-1,
and a more abundant resonant spectrum with fairly intense peaks at 287 cm-1 as the E′
mode and 340 cm-1 and also complex broad peaks at 430 and 585 cm-1 in addition to the
240 cm-1 peak.53

Figure 1.16. TERS spectra and map of (a) polycrystalline and (b) monocrystalline
monolayer MoSe2. There are two types of Raman spectra: the purple Raman
spectra as non-resonant and the orange Raman spectra as resonant.53 Figure with
permission from ref. [53].
The TERS maps reveal that the ratio intensity of contributing peak, shown by color,
varies across the sample, suggesting the existence of nanoscale heterogeneity. Confocal
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Raman microscopy cannot identify such heterogeneity because the regions with nonresonant spectra are rarely larger than 150 nm, and the detected heterogeneity is averaged
throughout the laser spot size. The sub diffraction spatial resolution of TERS allows
researchers to identify variations in neighboring nanoscale domains in MoSe2 monolayers
and exposes considerable inhomogeneity when confocal Raman imaging would reveal a
uniform spectrum distribution.53

1.8 Thesis outline
In this work, we have examined the optical and the electrical properties of MoS2. In
particular, we have focused on CVD grown MoS2 flakes and have evaluated the effect on
the number of layers over the resulting properties. Hybrid materials composed of MoS2
flakes decorated with metallic nano particles have been examined in order to evaluate the
changes in the work function and photoluminescence. Raman localized measurements
were also critical to understand the coupling between the metal particles and the flakes.
Last, flakes of MoS2 were functionalized with R6G molecules in order to alter is
conduction and photoluminescence properties at the scale of a single flake.
Tip-enhanced scattering and contact potential difference (CPD) microscopy are the
essential techniques for demonstrating these effects offering the ideal spatial resolution to
understand the local changes at the scale of single flakes. This thesis is organized around
three sections, each summarized as follows:
Chapter 2 explains the principles underlying of the techniques that have been utilized in
this thesis, such as Atomic Force Microscopy, Kelvin Probe Force Microscopy, Confocal
Raman and Tip-enhanced Raman Spectroscopy. Moreover, chemical vapor deposition
(CVD), raspberry-like gold nanoparticles synthesis, gold tip preparation, wet transferring
method, and functionalizing method of MoS2 with organic molecules are introduced as
our sample preparation techniques.
In Chapter 3, the collected results are discussed from a quantitative and qualitative
viewpoint on the bare MoS2 flakes, and the hybrid materials composed of the flakes
decorated with metal nanoparticles.
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In Chapter 4, we investigate the effect of the surface functionalization of MoS 2 with an
organic dye such as R6G in order to alter the surface electrical and optical properties of
the 2D flakes.
We finally conclude by providing future directions for this work.
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Chapter 2

2

Experimental methods

This chapter focuses on the chemical vapor deposition (CVD) of the MoS2 2D flakes and
the characterization methods used in this thesis. The CVD method for the preparation of
MoS2 monolayer is precisely described followed by the synthesis of gold nanoparticles
that we have synthesized to decorate the surface of the TMD with the goal to alter the
work function of the TMD. The different techniques used throughout this thesis are
described. The principles of operation of Atomic Force Microscopy (AFM), Kelvin Probe
Force

Microscopy

(KPFM),

Raman

Spectroscopy

and

Tip-Enhanced

Raman

Spectroscopy (TERS) are described in detail. The functionalization of the TMD flakes
with Rhodamine 6G (R6G) is described as well as the transferring method of the flakes
from SiO2/Si to silicon and Au substrates.

2.1

Chemical Vapor Deposition of MoS2

CVD is a synthetic method in which a solid material reacts chemically and deposits from
the vapor phase on the surface of a selected substrate located in a furnace’s hot region.1
Finally, the solid material can be placed on the substrate’s surface as a thin film, a single
crystal or powder. The physical and chemical characteristics of the resulting material are
affected by a variety of factors such as the substrate chemical nature, the temperature of
the synthesis, the gas flow pressure, and the reaction gas mixture combination.1
The MoS2 flakes studied in this thesis were prepared using chemical vapor deposition. A
silicon wafer coated with a 300 nm layer of SiO2 was cut into (1×1) cm2 pieces that were
subsequently cleaned. The cleaning procedure included 10 minutes of sonicating in
acetone, 5 minutes of sonicating in DI water, 10 minutes of sonicating in ethanol, and
finally 5 minutes of sonicating in DI water and drying with N2 gas.
For the chemical vapor deposition, a tube furnace with a SiO2 tube (1 inch diameter) was
used for the synthesis. 8 mg of MoO3 powder (99.97%, Sigma-Aldrich, Missouri, United
States) and 180 mg of S powder (99.98%, Sigma-Aldrich, Missouri, United States) were
used as precursors and placed in two different alumina boats (Coors™ high alumina
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combustion boat, capacity 5 mL, Sigma-Aldrich, Missouri, United States). The substrate
was placed at the top of the MoO3 boat upside down (Figure 2.1).
The boat of sulfur powder was placed at the low-temperature zone (edge of the furnace),
and the boat of MoO3 with the substrate was placed in the high-temperature zone (center
of the furnace). The distance between the two boats was 20 cm. Ar gas with a flow rate of
100 standard cubic centimeter per minute (sccm) was used for 10 minutes to remove
oxygen and water vapor in the tube.

Figure 2.1. Aluminum boat of MoO3 powder and the upside-down substrate fixed
with tungsten wire.
The temperature of the furnace (Thermofisher) increased to 550 °C from room
temperature with 17.6 °C/min then the temperature increased to 850 °C with 5 °C/min
and stayed for 15 minutes in 850 °C. Finally, the furnace was cooled down to room
temperature. Figure 2.2 shows the CVD setup and schematic of materials in the furnace.

Figure 2.2. CVD setup and schematic of boat position in the tube furnace. The SiO 2
tube has a diameter of 1 inch.
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Figure 2.3 shows the sample after a CVD run.

Figure 2.3. Sample of MoS2 on 300nm SiO2/Si substrate.

2.2 Raspberry-like gold nanoparticles synthesis
These particles were used to decorate the surface of the TMD flakes. A seeded growth
method was used to make gold nanoparticles with 100 nm diameter. A conventional
sodium citrate reduction technique was used to make seed Au-NP (20 nm diameter)
solution.2 To begin, 0.25 g of HAuCl4 • 3H2O was dissolved in 25 mL of ultrapure water
to make a 1 % (w/v) chloroauric acid solution. A 1 % (w/v) sodium citrate solution was
made by dissolving 0.05 g sodium citrate in 5 mL ultrapure water. 300 ml of the 1%
HAuCl4 solution was combined with 30 mL of ultrapure water in a 250 mL Erlenmeyer
flask and brought to boil with vigorous stirring. Then, 900 µL of 1 % sodium citrate
solution was added to the flask as soon as the solution was boiling. The solution was
maintained at a boiling level with constant stirring until it turned a rich vivid red color
(Figure 2.4), which took about 10 minutes after the sodium citrate was added. Finally, the
flask was taken off the heat and allowed to cool at ambient temperature with moderate
stirring.
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Figure 2.4. Seed AuNP solution.
Raspberry-like shape Au-NPs with 100 nm diameter were produced from the seed
solution. This method was derived from Legge.2 To begin, a 1 % (w/v) sodium citrate
solution and a 1 %

HAuCl4 (w/v) solution were prepared. Then, 16.52 mg of

hydroquinone was dissolved in 5 mL ultrapure water to make a 0.03 M hydroquinone
solution. In a 20 mL scintillation vial, 9.42 mL ultrapure water, 100 mL 1 percent
HAuCl4 solution, and 30 mL seed Au-NP solution were mixed quickly at room
temperature for 5 minutes. Following that, 22 µL of 1 percent sodium citrate solution
were added to the vial, followed by 250 µL of 1 percent hydroquinone solution. The
mixture was rapidly mixed at room temperature for 1 hour to form the raspberry-like AuNPs. The Au-NP solution that resulted was dark blue (Figure 2.5).

Figure 2.5. The dark blue raspberry-like AuNPs solution.
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Scanning electron microscopy (SEM) image of raspberry-like Au-NPs with 100 nm
diameter is shown in Figure 2.6.

Figure 2.6. SEM image of raspberry-like Au-NPs showing the size and morphology
of the raspberry-like particles that have a diameter of about 80-100 nm.

2.3 Atomic Force Microscopy (AFM) characterization
AFM is a method for obtaining topographic images of sample surfaces with a resolution
better than 0.1 nm in the z direction and better than 1 nm in the x and y directions. Thus
providing a sufficient resolution to evaluate thickness of flakes, presence of gold
nanoparticles at their surface and defects intrinsic to the flakes.3 Atomic force
microscopy can be conducted on dried

samples or samples located in liquid

environment.4 Typically, the AFM scans can be accomplished using three different
modes depending on the material and the tip-sample interaction of the experiment: (i)
contact mode, (ii) semi-contact (tapping) mode, and (iii) non-contact mode.5
(i)

Contact mode: The most frequent way of operation is contact mode. The AFM
tip stays in contact with the surface and this interaction is precisely maintained
using a piezo electro scanner to keep a continuous contact with the sample’s
surface.

(ii)

Semi-contact (tapping) mode: The tip occasionally contacts or taps the sample
surface in semi-contact or tapping mode. This is accomplished by using an
additional piezoelectric crystal to induce the cantilever to oscillate vertically
(i.e., along the z direction) at a frequency close to its resonance frequency
which is generally of several 10 to 100 of kHz depending on the tip.
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(iii)

Non-contact mode: In non-contact mode, the tip oscillates near the surface of
the sample without making direct contact with it, at a frequency somewhat
higher than the cantilever’s resonance frequency.

In this work, a AIST-NT OmegaScope instrument was used to acquire semi-contact AFM
images. Semi-contact NCLR silicon tips from Nanoworld with a length of 225 µm and a
resonance frequency of 190 kHz were utilized for AFM characterization. Moreover,
Gwyddion and AIST software were used to analyze the data. Figure 2.7 shows the AISTNT OmegaScope-Reflection Configuration and zoom-in image of the AFM head.
The SmartSPM scanning probe microscope is made up of a base and a measuring head. A
cantilever probe holder, laser, and photodiode are all included in the measurement head.
A scanner, sample holder, tip-to-sample approach system, and sample positioning system
are all included in the base.

Figure 2.7. AIST-NT OmegaScope-Reflection AFM Configuration and zoom-in
image of SmartSPM part.6-7
A stationary probe is used in this AFM setup meanwhile the sample is moved along the
xyz directions using a piezoelectric actuator. The probe consists of a sharp silicon tip

35

located at the end of a flexible cantilever that is attached to the chip. The tip’s normal
curvature radius is in the region of a few nanometers. Figure 2.8 shows the schematic of
chip, cantilever, and the tip for AFM as well as the SEM image of the apex of the NCLR
silicon tip from Nanoworld.

Figure 2.8. (a) Schematic of chip, cantilever, and tip for atomic force microscopy
(AFM) technique. (b) SEM image of the apex of the NCLR tip from Nanoworld. 6, 8
Figure with permission from ref. [8].

2.4 Kelvin Probe Force Microscopy (KPFM)
Kelvin Probe Force Microscopy (KPFM) is sensitive to the 2D dispersion of contact
potential difference (CPD) between the tip and the sample and provides a spatially
resolved map of the surface electrical potential. KPFM is a two-step process. This is an
important parameter to measure the work function of the sample of interest and therefore
determine its conducting or semiconducting character. The topography is achieved in the
first pass using conventional semi-contact mode. This topography is retraced at a
specified height from the sample surface in the second pass to assess the surface’s electric
potential. During this pass, the cantilever is not mechanically stimulated, but it can be
electrically excited by supplying voltage to the tip.9 The contact potential difference
between the tip and the sample is shown in Equation 2.1.10

V𝐶𝑃𝐷 =

𝛷𝑡𝑖𝑝−𝛷𝑠𝑎𝑚𝑝𝑙𝑒
−𝑒

(2.1)

According to equation 2.1, 𝛷tip and 𝛷sample are the work functions of the tip, and the
sample, respectively, and e is the charge held by an electron. An electrical force can be
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created between the surface of the sample and the tip in KPFM due to variations in Fermi
energy levels between the sample and the tip.10
For KPFM measurements, all CPD images were obtained with the AIST-NT instrument.
As conductive tips are needed for KPFM measurements, MikroMasch tips were utilized,
with a length of 130 µm, a resonance frequency of 140 kHz, and a coating of 20 nm Cr
and 30 nm Au on both sides.

2.5 Confocal Raman characterization
The Horiba Xplora Plus confocal Raman spectrometer was utilized for the conventional
Raman experiments. Three different laser excitation wavelengths of 532, 638, and 785
nm and three different gratings of 600, 1200, and 1800 gr/mm, an inverted confocal
microscope, and 100x, 0.7 NA LWD objective (Mitutoyo) were used in the spectrometer.
Moreover, the filter and acquisition time varied depending on the sample and
measurements mentioned in the results and discussion chapter. Figure 2.9 shows the
Horiba Xplora Plus confocal Raman instrument.

Figure 2.9. Horiba Xplora Plus Confocal Raman Spectrometer.

2.6 Tip-Enhanced Raman Spectroscopy (TERS)
TERS measurements were accomplished using an AIST-NT OmegaScope coupled to a
Horiba Xplora Plus confocal Raman spectrometer. The TERS setup is a side-illumination
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configuration for both the excitation and the collection in a back scattering geometry. The
objective used for both excitation and collection was done with a 100x, 0.7 NA LWD
objective (Mitutoyo). For TERS measurement, homemade gold tips were used to yield
spatially resolved Raman measurements. Moreover, the experiment’s parameters are 532
nm excitation laser wavelength, 0.9 mW power, 1200 gr/mm grating, and 0.4 sec. Figure
2.10 illustrates the schematic of the location of the sample in the probe holder at the
AIST-NT Xplora Plus (TERS system). The gold coated AFM tip is shown on the right of
Figure 2.10.

Figure 2.10. Schematic of zoomed image of the location of the sample in the probe
holder at the side illumination TERS setup.

2.6.1

Gold tip preparation

For TERS measurements the AFM tips must be coated with a thin film of metal to create
a plasmon mode localized at the extremity of the tip. Upon excitation, this tip acts as a
local enhancer and yield localized Raman signals. All gold tips were prepared at the
Nanofabrication facility at the University of Western Ontario with through electron-beam
deposition (Figure 2.11). Electron beam (e-beam) Evaporation is a deposition method for
obtaining dense, high-purity thin films. Current is initially routed through a tungsten
filament during an e-beam evaporation process, which causes heat to generate an electron
beam emission. Between the filament and the furnace, a high voltage is supplied to drive
the released electrons towards the crucible containing the element to be evaporated. The
electrons are focused into a coherent beam by a high magnetic field, and the energy of
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this beam is passed to the deposition substance, causing it to evaporate and deposit onto
the desired substrate.11 In this work, a Angstrom e-beam deposition instrument was used
to deposit a uniform adhesion layer of 5 nm of titanium that serves as an adhesion layer
followed by 60 nm of gold. Typical AFM tips used in this MSc work were VTESPA-300
(radius: 5 nm, length: 150 µm, frequency: 300 kHz) and OLTESPA-R3 (radius: 7 nm,
length: 240 µm, frequency: 70 kHz) from Bruker, Billerica, Massachusetts, United States.

Figure 2.11. Angstrom engineering electron-beam deposition apparatus operating at
the Western Nanofabrication Facility.12
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In TERS measurements, the alignment of the excitation laser, tip, and detection optics
must be critically optimized to yield large local enhancements. In particular, the
polarization of the exciting laser must be oriented along the tip axis to obtain the larger
enhancements at the extremity of the tip.13 Several observation camera for side and top
view observations are used in the setup to optimize the alignment of the laser onto the
extremity of the sharp tip. Figure 2.12a illustrates the side view of the apex of the coated
VTESPA-300 tip aligned with 532 nm excitation laser. A tiny green point on the image
corresponds to the 532 nm laser excitation focused at the extremity of the gold-coated
AFM tip.
Moreover, the tip scattering image shown in Figure 2.12b provides a snapshot of the
incident laser-tip interaction and to gauge if the laser is focused properly on the tip
extremity. Figure 2.12b shows for example an homogeneous scattering from the AFM
tip.

Figure 2.12. (a) side view of 532 nm laser wavelength is aligned at the apex of
VTESPA-300 tip and (b) tip scattering.

2.7 Functionalizing of TMD flakes with R6G
There are several steps for functionalizing of MoS2 with Rhodamine 6G (R6G), an
organic dye molecule. These steps have been explained in the following paragraphs.
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Firstly, the 10 mM solution of R6G (Sigma-Aldrich, Missouri, United States) was
prepared in MilliQ water as a solvent using a magnetic stirrer. Secondly, the sample
(MoS2 on 300 nm SiO2/Si substrate) was soaked in the R6G solution for 2 hours. Then,
the substrate was rinsed in the MilliQ water for 10 minutes. Finally, the substrate was
dried under the gentle flow of N2 gas.

2.8

PMMA transferring method

For studying the conducting properties of MoS2 flakes, the flakes should be transferred
onto reference conductive substrates such as gold or silicon, as opposed to the dielectric
surface (SiO2/Si) the substrate used primarily for the growth of the flakes. In the CVD
method, a matching between the 2D material to be grown and the substrate lattices, the
presence of defect or impurities on the substrate interface, are critical factors that
influence flakes growth.14 MoS2 grown over SiO2/Si has a thinner layer and a more
straight border. This is due to SiO2/Si’s crystalline quality and the fact that SiO2/Si and
MoS2 have similar lattices parameters.14 For transferring MoS2 flakes from SiO2/Si
substrate to another substrate such as gold or Si, the PMMA assisted transferring method
was used.15
In this transferring method, 50 mg of Poly(methylmethacrylate) (PMMA) (SigmaAldrich, Missouri, United States) powder was added to 1 mL chloroform and stirred until
the PMMA was fully dissolved. Then, PMMA solution was drop casted over the TMD
flakes (e.g., MoS2 on SiO2/Si substrate). The sample was then placed on the hotplate at
150 °C for 10 minutes for curing the PMMA. After 10 minutes, the sample was floated in
the 1M NaOH solution and heated to 80 °C. After a while, the 300 nm SiO2 layer was
dissolved in NaOH solution, and the PMMA layer with MoS2 flakes was floated on the
surface. The rigid PMMA/MoS2 was transferred to DI water and floated for 30 minutes at
room temperature. Then the PMMA/MoS2 was transferred to the target substrate, and the
target substrate was placed on the hot plate at 150 °C for 20 minutes.
For removing the PMMA, the sample was soaked in acetone for one hour. Moreover, for
the final removal of PMMA residue, acetone was drop cast on the sample while rotated in
a spin coater at 300 rpm for 60 seconds. Finally, the sample was rinsed with methanol
and dried with an N2 gun.
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Chapter 3

3

Raman and Photoluminescence of Au-decorated MoS2
flakes by Tip-enhanced scattering

In this chapter, MoS2 flakes composed of single to a few layers prepared by CVD method
are characterized. The parameters of the synthesis such as the temperature and relative
position between the substrate and reactants in the tube furnace are first studied. Atomic
Force Microscopy (AFM) and Raman measurements are then utilized to probe the
thickness of the individual flakes. Photoluminescence (PL) and Tip-enhanced Raman
spectroscopy (TERS) are used to evaluate the homogeneity of the flakes. Moreover,
contact potential difference (CPD) of MoS2 grown on SiO2/Si, gold, and silicon
substrates is evaluated.
A second facet of this work focuses on the decoration of the flakes with gold particles.
Raspberry-like gold nanoparticles (Au-NPs) were drop casted on MoS2 flakes in ordered
to evaluate the plasmon-exciton interaction between the MoS2 flakes and the metallic
nanoparticles. Such effects were measured with Raman, photoluminescence and KPFM
measurements in order to evaluate the work function of these hybrid flakes.

3.1 AFM and Raman characterization of 2D MoS2 prepared
by CVD
MoS2 flakes are made using the CVD technique on a Si Substrate coated with 300 nm of
SiO2. Figure 3.1 illustrates the schematic of the CVD procedure with three specific
positions of the SiO2/Si substrate over the MoO3-containg crucible. The optical
microscopy images of the resulting flakes are shown in Figure 3.2. In the middle of the
substrate, a MoS2 film has been formed, and triangles have been obtained over the MoS2
film, while single isolated triangles are generally observed on the substrate’s edges. AFM
topography images and cross sections are shown in Figure 3.3 for the 3 positions of the
substrate.

44

Figure 3.1. Schematic of CVD procedure of MoS2 on 300 nm SiO2/Si substrate.

Figure 3.2. Optical images of MoS2 flakes (a) on the center and (b) on the edge of the
300 nm SiO2/Si substrate.
The resulting flakes can display various shapes depending on the position of the substrate
over the MoO3-containg crucible. The shapes of MoS2 flakes varies from triangles to
hexagonal geometries depending on the position of the SiO2/Si substrate. The geometry
of flakes and the kinetic growth dynamics of edges can be affected by local variations in
the Mo:S of precursor materials as well as temperature gradients in the CVD tube
furnace.1 Triangles in position 1 have rounded apices while triangular flakes in position 2
have sharper apices, yet they are all formed layer-by-layer on a MoS2 film. Hence, the
AFM image resolution of these triangles is lower than the other one because they are
placed on a MoS2 film rather than SiO2/Si, and the different layers can be distinguished.
Triangles obtained in position 3 have a sharp apex, and are isolated on the SiO2/Si
substrate yielding crisper AFM image as shown in Figure 3.3e. Since the thickness of

45

MoS2 monolayer is 0.6-0.8 nanometer

2-3

, the layered flakes obtained in this work have

typically 5, 8, and 2 layers on position 1,2,3, respectively.

Figure 3.3. AFM images and thickness plots of triangle flakes of MoS2 on 300 nm
SiO2/Si substrate with different thickness and positions: (a, b) position 1 and around
five layers, (c, d) position 2 and around eight layers, and (e, f) position 3 and around
two layers.
Raman spectra were acquired using excitation wavelengths of 532 (green), 638 (red), and
785 nm (near infrared) with a typical acquisition time of 30 seconds. The corresponding
laser power used were of 8.6, 2.5, 4.6 mW for 532, 638 and 785 nm, respectively. The
illuminated spot has a power density of around 1E+06, 3E+05 and 5E+05 W/cm2 for 532,
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638 and 785 nm, respectively. Raman spectra shown in Figure 3.4 confirm that these
triangles are MoS2. Two Raman modes are seen at 382 cm-1 as E2g mode (in-plane) and
403 cm-1 as A1g mode (out-of-plane) using a 532 nm laser wavelength. These are
characteristic Raman-active modes of 2H-MoS2 crystal.4 In section 3.2, A1g and E2g
modes and their dependence on the thickness of MoS2 flake will be discussed in detail.

Figure 3.4. (a) Raman spectrum of MoS2 flake on 300 nm SiO2/Si substrate with 532
nm excitation laser, (b) Raman spectrum of same flake with 638 nm excitation laser.
(c) Raman spectrum of MoS2 flake with 785 nm excitation laser.
Under 638 nm excitation laser, the Raman spectrum of MoS2 exhibits more modes due to
the electronic resonance enhancement. Raman modes at 178, 417, 454 and 638 cm-1 are
assigned as A1g(M)-LA(M), B22g+E21u (Γ-A), 2LA(M) and A1g(M)+LA(M), respectively.5
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M and Γ-A in the brackets following each mode denote implicated phonons that originate
from M location and along Γ-A direction.5 Also, B22g, E21u and LA are optical inactive,
infrared (IR) active and the in-plane longitudinal acoustic modes, respectively.5 It should
be noticed that the peak at 520 cm-1 is present in all collected spectra and correspond to
the silicon phonon mode of the substrate. With 785 nm excitation laser, there is no
observable Raman mode of MoS2 and only the silicon peak can be detected. The E2g band
at 382 cm-1 and the A1g band at 403 cm-1 dominate the spectra produced with 532 nm
excitation, which is typical of those described in the literature. In the following sections,
532 nm excitation laser is used for all characterizations and studies.
One of the most significant aspects of the synthesis is the temperature of the precursors,
which is regulated by the location of the boats that contain the precursors and the
temperature profile established in the furnace. In this work, the effect of temperature on
CVD MoS2 growth is studied by changing the sulfur boat’s position and decreasing the
distance between MoO3 boat and sulfur boat to 15 cm. Figure 3.5 illustrates the optical
image of the MoS2 sample on SiO2/Si substrate, the AFM image and thickness plot of the
square flake. The square flake’s thickness is around 150 nm which indicates a bulk
character. The shape of the flake is square instead of triangular. AFM and Raman
measurements are done to study the thickness, morphology, and chemical
characterization of square flakes.
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Figure 3.5. Optical images of square flakes (a) on the center and (b) on the edge of
the 300 nm SiO2/Si substrate. (c) AFM image and (d) thickness plot of flake on 300
nm SiO2/Si substrate.
According to these AFM results, moving the sulfur boat to a higher temperature zone of
the furnace changes the thickness and morphology of the MoS2 flake from monolayer to
bulk nanocrystallites. Raman spectroscopy is done to study the chemical characterization
of the square flakes. Figure 3.6 shows the Raman spectrum of the flake with 532 nm
excitation laser, with a power of 8.6 mW at the sample and 30 s/spectrum acquisition
time.
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Figure 3.6. Raman Spectrum of square flakes on 300 nm SiO2/Si substrate.
According to the Raman spectrum, two peaks located at 384 and 406 cm-1 are assigned to
the E2g and A1g mode of MoS2, respectively. The other Raman modes are assigned to
MoO2.6 This occurs when the MoO3 powder begins to evaporate for temperature in the
central furnace in the 550-600°C range. Meanwhile, the sulfur powder located in the
furnace’s low-temperature zone evaporates and is carried downstream in the furnace by
Ar gas. The MoO3 reacts with sulfur vapor to generate volatile MoO3-x species,
eventually forming MoO3-x microplates on the SiO2/Si substrate. Equation 3.1 shows the
first step reaction by assuming x=1 since MoO2, the most common intermediate product,
is one of the most stable molybdenum oxides.7
MoO3 + ½ S

MoO2 + ½ SO2

(3.1)

Finally, sulfur atoms replace oxygen atoms in the well-ordered packing of MoO3-x to
create MoS2 films on the substrate (Equation 3.2).7
MoO2 + 3S

MoS2 + SO2

(3.2)

Decreasing the distance between two crucibles by moving the sulfur boat to the higher
temperatures causes the sulfur to evaporate before MoO3 evaporation and exit from the
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furnace with Ar gas flow without reaction. Therefore, the lack of sulfur atoms as oxygen
replacement in the system causes the formation of squares flakes, which are the
combination of MoS2 and MoO2 instead of triangle MoS2 flakes. In conclusion, the best
distance for two boats of precursors is around 20 cm, and the sulfur boat should be placed
at the edge of the furnace and low-temperature zone.

3.2 Tip-enhanced Raman spectroscopy of MoS2 on 300 nm
SiO2/Si substrate
Modern integrated electronics and photonic devices are often smaller than 100 nm,
therefore approaches that allow for non-destructive characterization of small devices with
spatial resolution in the order of tens of nanometers are of critical importance. Imaging
with tip-enhanced Raman spectroscopy (TERS) is thus an appropriate approach for
detailed nanoscale characterization of 2D materials with partial resolution in the range of
10-20 nm.8 In this project, TERS technique was used to characterize monolayer MoS 2
and hybrid systems.
Figure 3.7 shows a Raman spectrum recorded over a MoS2 flake in both far-field (tip-out)
and near-field (tip-in). The tapping and contact mode AFM were used to acquire far-field
Raman and near-field TERS signals, respectively. As shown in Figure 3.7, the intensity
of Raman modes increases in the tip-in position and drops in the tip-out position when
the electric field intensity falls as the tip goes away from the sample’s surface. The
resulting spatial resolution is thus limited by the tip apex dimension, i.e., 10-50 nm in the
present work.
In the present work, for all TERS measurements, 532 nm excitation laser with power of
0.86 mW was used. With such power and using a tip apex with a diameter of 50 nm, the
resulting irradiance (power density) was estimated to 4E+07 W/cm2.
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Figure 3.7. Near-field (tip-in) and far-field (tip-out) Raman spectrum of MoS2 flake
positioned over a 300 nm SiO2/Si substrate.
Such high spatial resolution can be exploited to probe structural and chemical
heterogeneity at a nanoscale level enabling the correlation of the defect with the
spectroscopic signal through a change of intensity, broadening or spectral shifts of the
collected spectra even if they are collected only a few nanometers apart.9 On the other
hand, the far-field detail may still contribute to the signal and produce a background,
lowering the spatial resolution.9
Figure 3.8a shows an AFM image of the MoS2 bilayer overlapped with a TERS map over
a section of the MoS2 flake. Each pixel in the TERS map represents a Raman spectrum
that has been integrated across a specific spectral range. The typical TERS Raman spectra
of the bilayer flake over Si substrate are shown in Figure 3.8b for a specific point
corresponding to a single pixel in the map. Each spectrum was acquired in 400 ms.
Figure 3.8c displays the averaged Raman spectra collected over the map, thereby
increasing the S/N ratio. The spatial variations of the A1g [395-415 cm-1], E2g [372-382
cm-1], and longitudinal acoustic (2LA) mode [435-455 cm-1] are illustrated in the blue,
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green, and red maps in Figure 3.8d. Moreover, Figure 3.8d shows the peak ratio A1g/E2g
map.

Figure 3.8. (a) AFM image of MoS2 flake on 300 nm SiO2/Si substrate and AFM
image and an overlaid TERS blue map. (b) Raman spectrum of the flake and the
substrate from one pixel. (c) Average TERS Spectrum of the flake and the substrate
(d) TERS map of A1g (blue map), E2g (green map), 2LA (red map) modes, and peak
ratio A1g/E2g (brown map).
The Raman spectrum of bilayer MoS2 reveals two primary Raman-active modes, A1g, and
E2g, located at 403.5 cm-1 and 382.7 cm-1, respectively. A1g, is an out-of-plane lattice
mode and provides proof of the interfacial interaction with other layers, and E2g, an in-

53

plane vibration mode, provides detail on the in-plane strain (Figure 3.9).10-11 The out-ofplane Raman vibration’s connection with its neighboring material determines the strength
of the van der Waals interaction between the two adjacent layers; hence, A1g Raman
mode can offer details on the strength of the van der Waals interaction between the two
adjacent layers.12

Figure 3.9. The Schematic of E2g and A1g Raman modes in layered 2H-MoS2.11
Figure with permission from ref. [11].
The LA(M) (longitudinal acoustic) phonon, positioned at 448.5 cm-1, is a second-order
Raman mode owing to LA phonons at the M point in the Brillouin zone.13-14 TERS maps
of different vibrational modes of the bilayer MoS2 flake reveal sharp edges as shown in
Figure 3.8d.
Moreover, the ratio map of the integrated intensities of A1g and E2g show nanoscale
features in TERS signals in the near field. The variations in peak ratio A1g/E2g are useful
to reveal better surface defects. The integrated spectral maps and their ratio summarized
in Figure 3.8d are all homogenous thus confirming that the surface of the MoS2 flake is
defect free.

3.3 Effect of MoS2 thickness on the Raman and
photoluminescence
TERS was performed on a monolayer and a few layers of MoS2 to investigate the
influence of layer thickness on the Raman modes. The AFM image of a monolayer and
four layers of MoS2 on a SiO2/Si substrate is shown in Figure 3.10a. Figure 3.10b, depicts
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an AFM image with the TERS map overlaid. In Figure 3.10c, the average TERS
spectrum of monolayer and few layers MoS2 are displayed. Figure 3.10d shows the
individual maps of the A1g mode (blue map), E2g mode (green map). For monolayer,
bilayer, and few layers, the wavenumbers associated with A1g Raman mode are 402.2,
403.5, and 406.1 cm-1, respectively. Furthermore, monolayer, bilayer, and few layers
yield E2g modes located at 383.3, 382.7, and 380.0 cm-1, respectively. As the thickness of
the MoS2 flakes increases, both Raman frequencies shifted, to higher wavenumbers for
A1g and lower wavenumbers for E2g.15 For a monolayer the A1g and E2g modes are
separated by 18.9 cm-1 while this value shifts to 26 cm-1 for few layers flakes. The Van
der Waals force between the MoS2 layers influence the displacement of the lattice
vibrations and the subsequent wavenumber associated with the vibrations.16 The E2g
mode wavenumber as an in-plane mode which involves Mo atoms vibrations is
dependent on the number of layers. The redshift of E2g mode by increasing the number of
layers is due to the stronger short-range Van der Waals force than the long-range
Coulombic interaction.17 The long-range Coulombic contact between the Mo atoms
reduces by increasing layer number owing to an increase in the dielectric properties.18
Moreover, only the out-of-plane displacements of the S atoms are involved in the A1g
mode. The increased restoring forces on the S atoms because of interlayer interactions are
responsible for increasing the A1g mode wavenumber.18

Figure 3.10. (a) AFM image of monolayer and few layers MoS2 on 300 nm SiO2/Si
substrate. (b) AFM image and an overlaid TERS blue map. (c) Average TERS
Spectrum of monolayer and few layers MoS2. (d) TERS map of A1g (blue map), E2g
(green map) modes.

55

Figure 3.11 shows the AFM images of MoS2 flake with an overlaid tip-enhanced
photoluminescence map and average PL spectrum for both few layers and monolayer
MoS2. Emission wavelengths are of 671 and 679 nm for monolayer (outer portion of the
map) and few layers (triangular central portion of the map), respectively. When the
number of layers increases, the intensity of PL mode decreases, and the peak wavelength
is substantially red shifted. This corresponds to a direct-to-indirect bandgap transition that
occurs when the number of layers increases from monolayer to few layers.19 The PL peak
intensity decreases as the number of layers increases. The splitting of energy from the
connection of valence band spin-orbitals is ascribed to excitons. This is due to the optical
bandgap transitioning from indirect to direct as MoS2 changes from bulk to monolayer.20

Figure 3.11. (a) AFM image of MoS2 on 300 nm SiO2/Si substrate and an overlaid
TEPL map, (b) Average PL Spectrum of monolayer and few layers MoS2.
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3.4 Effect of gold nanoparticles on bilayer MoS2 on Raman
and photoluminescence
In this section, the possible coupling between gold nanoparticles (Au-NPs) and MoS2
flakes is evaluated. The MoS2 flakes were decorated with ~80-100 nm raspberry-like
gold nanoparticles and were studied with TERS and TEPL measurements. In general, the
coherent exciton-plasmon interaction may be observed in such hybrid systems constituted
of noble metal nanostructures in closed proximity to the 2D TMDs. Surface plasmons
(SPs) modes may hybridize coherently with molecular excitons, and their high oscillator
strength can lead to a strong coupling regime. A coherent coupling between localized
surface plasmons (LSPs) and excitons overwhelms all losses in a strong exciton-plasmon
coupling regime, resulting in two new mixed states of light. As a result, matter is
energetically divided by a Rabi splitting that shows the exciton-LSP energy tuning’s
typical anti-crossing behavior. In this regime, a new quasi-particle emerges having
qualities that neither of the original particles possessed.21 Furthermore, nanoscale lightmatter interaction in the vicinity of these metal-TMDs hybrid heterostructures can
generate exotic photonic behavior that could be exploited for the development of the next
generation of photodiodes, photovoltaic cells, light–emitting diodes, and lasers.22-23 The
characterization of these structures at a nanoscale level is therefore critical to further tune
the properties of these systems and to possibly integrate them into devices. Noble
metal/TMDs heterostructures may also be employed in a variety of catalytic processes as
reaction substrates. By boosting the density of states (DOS) and lifespan of hot electrons,
the interaction of plasmon-excitons can dramatically improve the efficiency and
possibility of catalytic reactions.24 The Raman and PL modes are thus interesting
techniques to probe the plasmon-exciton interaction and to evaluate how the layered
material interacts with the surface plasmons in the optical near-field.25
Figure 3.12 shows the optical images of MoS2 flake deposited on a 300 nm SiO2/Si
substrate before and after being decorated with raspberry-like Au-NPs to depict the
distribution of Au-NPs on the MoS2 flake’s surface. Au-NPs were agglomerated together
in several areas of the flake.
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Figure 3.12. Optical image of MoS2 flake on 300 nm SiO2/Si substrate (a) single flake
and (b) flake with raspberry-like Au-NPs with SEM image of raspberry-like AuNPs.
The interaction of Au-NPs on Raman modes of MoS2 flake was investigated using TERS
measurements. Figure 3.13a illustrates an AFM image of bilayer MoS2 and the
corresponding inset that includes a TERS map over an area with raspberry-like Au-NPs
with diameters of ~ 100 nm. The averaged TERS spectra over a gold-free area and in the
vicinity of the gold particles are shown in Figure 3.13b. The highest intensity was found
around Au-NPs, which was most likely due to significant surface-enhanced scattering
effects.26 Figure 3.13c shows the TERS map for A1g (blue map), E2g (green map), 2LA
(red map) modes, and peak ratio A1g/E2g (brown map). Because Au-NPs can induce a
strong local surface plasmon resonance (LSPR) enhancement, they can be employed to
increase Raman intensity by enhancing the local field efficiently.27 As a result, in a SERS
hotspot where the electromagnetic field is locally improved, the Raman scattering from
bilayer MoS2 onto which the Au-NPs are located, is also locally increased.27 Raman
characteristic peaks of bare MoS2 as A1g, E2g, and 2LA are found at 403.5 cm-1, 382.2
cm-1, and 448.8 cm-1, respectively, A1g, E2g, and 2LA for MoS2/Au-NPs are 379.4 cm-1,
400 cm-1, and 446.6 cm-1, respectively. The characteristic peaks of MoS2, A1g, and E2g
have been shifted to a lower wavenumber and exhibit a spectral redshift. This spectral
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redshift confirm that the Au-NPs have been successfully positioned on bilayer MoS2.
Moreover, this shifting of Raman modes has provided the electron-phonon coupling
associated with the effects of doping.28 Due to the strong connection of the A1g mode
with electrons and phonon symmetry, doping effects have a greater impact on the A1g
(out-of-plan) mode than the E2g (in-plan) mode.29 Because Au-NPs behave as a p-type
dopant for MoS2 and reduce the number of inner electrons in the MoS2 flake, A1g was
shifted to lower wavenumbers by 3.5 cm-1.30-31
E2g mode is less sensitive to doping effects.30 The generated strain at the interface of
MoS2 and Au-NPs causes the redshift of E2g mode. When an Au nanostructure sits on top
of bilayer MoS2 can generate pressing strain, due to the weak Van der Waals force
between two layers of MoS2.32 The shift of Raman modes of MoS2 can be associated with
strain. In general, the tensile strain is represented by the red Raman shift, whereas the
blue Raman shift represents the compressive strain.32 The A1g and E2g modes have shifted
to the lower wavenumber, as shown in Figure 3.13b. Tensile strain is formed during the
attachment of the metal nanoparticles, which may cause compressive strain in the
surrounding areas. The lack of close metal contact in these nearby locations, on the other
hand, permits the lattice to migrate outward or even upward/downward and become
wrinkled.33 The presence of a tensile strain in the MoS2/Au-NPs interface is confirmed by
the redshift of E2g mode.34
Furthermore, both significant peaks in the TERS spectra of MoS2 show a broadening of
the full width at half maximum (FWHM) for MoS2/Au-NPs. MoS2’s A1g and E2g modes
have an FWHM of 8.84 cm-1, while MoS2/Au-NPs has an FWHM of 20.30 cm-1. By
adding the Au-NPs, larger bands result in phonon restriction and a reduction in phonon
lifetime.35
It should also be noted that in resonance conditions, the plasmon properties of gold can
lead to thermal effects that can also change the width and the frequency of the Raman
shifts. Similarly, bi-excitonic processes resulting from the Au nanoparticles on MoS2
flakes can result in nonlinear effects which may cause spectral shifting and broadening of
the Raman modes of MoS2. Such effects could be investigated in future work.
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According to the peak ratio A1g/E2g TERS map, the intensity of peak ratio is higher
around Au-NPs. As discussed in section 3.2, the maximum intensity peak ratio is 2.6,
while the peak ratio intensity with Au-NPs is around 4. The higher intensity might be due
to the defects and strain (tensile and/or compression) produced with Au-NPs on bilayer
MoS2 flake. Only TERS measurements can provide this valuable information with a
spatial resolution that matches the size of the particles.

Figure 3.13. (a) AFM image of MoS2/Au-NPs flake on 300 nm SiO2/Si substrate and
AFM image and an overlaid TERS blue map. (b) Average TERS Spectrum of the
single MoS2 and MoS2 with Au-NPs. (c) TERS map of A1g (blue map), E2g (green
map), 2LA (red map) modes, and peak ratio A1g/E2g (brown map).
Photoluminescence experiments were performed on the bilayer of MoS2 with Au-NPs to
investigate the probable enhancement of the Au-NPs over the MoS2. Figure 3.14 shows
the AFM image of MoS2 with Au-NPs, average TEPL spectrum, and TEPL map masked
on AFM image.
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The intensity of PL in the vicinity of Au-NPs is 1.5-fold higher than on MoS2 flake,
according to the average TEPL spectra and map. Increased absorption and emission are
responsible for the higher PL intensity emitted by 2D MoS2 layers. When plasmonic
nanoparticles are resonantly stimulated, strong local fields are created near the particle
surface thus increasing the excitonic luminescence of the MoS2 flake.36-37 Furthermore,
the photothermal effect transfers produced hot electrons to the conduction band of MoS2,
contributing to the PL.38

Figure 3.14. (a) AFM image of MoS2/Au-NPs flake on 300 nm SiO2/Si substrate. (b)
Average TEPL spectrum of the single MoS2 and MoS2 with Au-NPs. (c) AFM image
and an overlaid TEPL map.
Also, the A-exciton peak which is related to the optical transitions between the highest
valence band and the conduction band in MoS2 flake at the K-points,39 in the average
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TEPL spectrum (Figure 3.14b) was shifted from 1.80 eV on bare MoS2 to 1.83 eV on
MoS2/Au-NPs by around 0.03 eV. The blueshift in the PL peak shows the electron
transport and electronic-interaction-induced dipole at the interface of MoS2 and AuNPs.40 By moving electrons from MoS2 flake to Au-NPs, the electron density in MoS2
flake decreases.

3.5 Study the electrical properties of MoS2 flake with KPFM
Kelvin probe force microscopy (KPFM) measures the local surface potential and enables
the measurement of the work function of thin films and nanostructures with a nanoscale
resolution. Furthermore, the related contact potential difference (CPD) indicates the
potential difference between the sample’s tip and surface.41
In this section, the surface potential difference of bare MoS2 on three substrates, 300 nm
SiO2/Si, silicon, and gold, are studied to investigate the effect of substrate on the surface
potential and electrical properties of MoS2. The effect of gold nanoparticles on the work
function and electrical properties of MoS2 flakes for electrical and photo-device
applications is then investigated using the surface potential difference of a hybrid system
of MoS2/Au-NPs on 300 nm SiO2/Si substrate.

3.5.1

Effect of substrate on surface potential of bare MoS2 flake

Figure 3.15 illustrates the AFM and CPD images of MoS2 flake on SiO2/Si, Silicon, and
gold substrates. The surface potential difference between bare MoS2 and the tip is
revealed by using CPD. It is possible to measure the work function or surface potential of
MoS2 by knowing the work function of the tip. The tip work function can be calibrated
with highly oriented pyrolytic graphite (HOPG) as a reference with a known work
function which is 4.6 eV.42 Roughness, surface morphology, homogeneity, and humidity
of the surface can all impact the work function. As a result, KPFM on ambient conditions
yields a surface potential difference and estimated work function or surface potential.
Under UHV conditions, the KPFM provides absolute and more accurate work function
values independent of the environmental conditions.
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In this work, the information from CPD can be used to compare surface potential or work
function in different situations instead of comparing the absolute value of work function.
The substrate is an essential factor that influences the work function of TMDs. The
surface potential and work function can be significantly impacted by substrate-related
factors such as trapped charges and contamination produced by material processing.15 A
significant work function difference between the flake and the substrate material, in
general, can result in a considerable Schottky barrier height (i.e. the potential energy
formed by the electron) at the interface thus impacting the device’s performance.43
According to Figure 3.15, the CPD (contact potential difference) value of MoS2 on
SiO2/Si, gold, and silicon substrate is around -630, -340, and -140 mV, respectively. For
comparing the surface potentials using various substrates, the used Au tip is first
calibrated with HOPG, and the work function of the Au tip is measured to be 5.1-5.6 eV
which is confirmed with values reported in the literature.44 Therefore, the surface
potential of MoS2 is 4.6 ± 0.1, 4.9 ± 0.1, and 5.1 ± 0.1 eV, on SiO2/Si, Au and Si
surfaces, respectively. The surface potential of MoS2 on silicon shows a higher value,
while SiO2/Si shows the lowest value. The difference in work function on various
substrates qualitatively illustrates the differences in two-dimensional electron gas
concentration in MoS2 flake placed on different surfaces.
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Figure 3.15. AFM image of MoS2 flake (a) grown on a 300 nm SiO2/Si substrate, (b)
transferred over a gold film and (c) grown on a Si substrate. CPD images of MoS2
on (d) 300 nm SiO2/Si, (e) gold and (f) Si substrate.
The CPD difference between the metal substrate and semiconductor MoS2 flake is related
to the difference in work functions of MoS2 on Au and SiO2/Si substrates, directly
connected to the Schottky barrier height (SBH) of electrical applications.44
On the other hand, for MoS2 flake on Si substrate, both are semiconductors and different
types. The p-type Si substrate’s work function would be greater than that of the n-type
MoS2 film. The KPFM finding demonstrates the existence of a junction barrier between
the MoS2 film and the Si substrate.45
In conclusion, the effect of the junction and Schottky barriers between the MoS 2 flake
and semiconductor and metal substrates increases the work function of MoS2. Tuning the
work function of MoS2 flakes can optimize the performance of MoS2 devices due to the
preference application. As a result, this research might be helpful for future MoS2-based
device manufacturing.
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3.5.2

Effect of gold nanoparticles on surface potential of MoS2
flake

Figure 3.16 shows the AFM images of bare MoS2 and MoS2 flake decorated with AuNPs with the corresponding CPD images. According to the CPD images, the surface
potential of MoS2 decorated with Au-NPs on SiO2/Si substrate is 4.8 ± 0.1 eV, showing
that adding Au-NPs to MoS2 flake improves the surface potential of MoS2 flake from 4.3
± 0.1 eV to 4.8 ± 0.1 eV. The fact that the surface potential of bilayer MoS2 increased by
11% after adding Au-NPs indicates that electrons are efficiently transferred from MoS2
flake to Au-NPs.
MoS2 has a work function that is lower than gold. The electron transferring from MoS 2 to
Au-NPs is for Fermi energy level aligning, and the Schottky barrier is forming at the
interface of MoS2/Au-NPs after the aligning.46 Electron transport from MoS2 to Au-NPs
leaves a hole in the MoS2 flake, causing p-doping. In the previous section (section 3-4),
Raman measurements confirmed this p-doping in MoS2 by introducing Au-NPs.
In fact, several different physical mechanisms, such as chemical interaction, metalinduced gap states, pushback effect that pushes electrons back to metal, and charge
transfer due to energy alignment between the edges of the MoS2 bond and the Fermi
surface of the metal, all contribute to the electronic structure of nanoparticle metals in
contact with monolayer and bilayer MoS2 flakes.47
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Figure 3.16. AFM images of (a) bare bilayer MoS2 and (b) MoS2 with Au-NPs on
300 nm SiO2/Si substrate. CPD images of (c) bare MoS2 and (e) with Au-NPs on 300
nm SiO2/Si substrate.

3.6 Conclusion
The CVD technique is one of the most effective method for synthesizing monolayer and
bilayers of high quality crystalline MoS2. Different parameters of CVD technique do
affect various features of MoS2 such as the size of flakes, their thickness and phase. For
instance, by reducing the distance between MoO3 and sulfur boats, the shape and
composition of flakes are changed. Also, by changing the position on the substrate, the
thickness of MoS2 increases. This increase results in blueshift and redshift of the A1g and
E2g modes, respectively. In addition, the position of characteristic peaks of A1g and E2g
has been characterized by TERS with spatial resolution of less than 10 nm on MoS2
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layers. Moreover, adding raspberry-like gold nanoparticles as a p-type dopant results in
shifting of the A1g mode and E2g mode to lower wavenumbers. The photoluminescence of
the MoS2/Au layer is enhanced 1.5 times as compared to MoS2/SiO2/Si and blue-shifted
for a resonant excitation of the surface plasmons. Finally, the electrical properties of
MoS2 have been illustrated by KPFM method on different substrates with or without gold
nanoparticles at its surface. In comparison to bare MoS2, the inclusion of gold
nanoparticles results in an increase in the surface potential and a concurrent increase in
the work function. Tuning the work function of MoS2 nanoflakes and evaluating charge
transport at electrical contacts are prerequisite to further improve the performance of
MoS2 devices.
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Chapter 4

4

MoS2 flakes treated with Rhodamine 6G (R6G)
molecules

As mentioned in the previous chapters, the energy bandgap of MoS2 can be tuned, thus
offering ways to enhance its performance for a wide range of applications in catalysis,
controlled photoluminescence, electronic devices, and molecular sensing.1 Doping MoS2
with foreign atoms or organic dye molecules through a charge transfer mechanism is a
potential method of modifying the energy bandgap structure, photoluminescence
characteristics, and the photoresponse as photodetector of MoS2. Furthermore, increasing
charge transfer between monolayer MoS2 and dopant molecules can increase monolayer
MoS2’s chemical and biological sensing (such as SERS) performance and adjust its
energy band structure/photoluminescence characteristics.1-2
Organic dyes, such as Rhodamine 6G (R6G) molecules, have recently been utilized in
MoS2 devices as a photosensitizer. Because of photoinduced charge transfer from the
R6G dye molecules to the MoS2 surface, this dye molecule can be drop casted over a
MoS2 surface to possibly increase the device’s electrical responsiveness to light.2
On the other hand, many studies have reported that 2D materials including graphene,
boron nitride, and molybdenum disulfide (MoS2) can be used as SERS substrates for
organic molecules detection in recent years.3
In this chapter, MoS2 flakes functionalized with organic dye (R6G) are characterized with
TERS, Tip-Enhanced Photoluminescence (TEPL), and Kelvin Probe Force Microscopy
(KPFM) techniques to study the effects of R6G on the optical and electrical properties of
monolayer and bilayer MoS2.

4.1 AFM and Raman characterization of the functionalized
MoS2 with R6G
Figure 4.1a shows the SEM image of MoS2 flake on 300 nm SiO2/Si substrate. Three
layers of the triangular flakes are stacked on each other as shown in the SEM image. The
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stacking of MoS2 crystals may be divided into three categories: (i) AA(A...), repeatedlayer stacking with the same orientation ; (ii) alternating-orientation repeated-layer
stacking, as in AB(AB...) and (iii) a mixed-layer stacking with a false orientation in the
stacking orders stated above, such as AAB... or AABB...4 A (BB...) or AA(BA...) as the
mixed-layer stacking order, combined with a false order of either AB(A...) or AA(A...),
results in a mixture of 2H and 3R-phases. The electrical characteristics of these stacking
orientations are tuned by designing interlayer lengths and structural symmetry.4
This study has two different types of stacking: AAB as mixed layer stacking (Figure
4.1a) and AA as repeated layer stacking (Figure 4.1b, c). The Raman and PL modes of
bilayer MoS2 stacked as AA form coated with R6G will be studied with tip-enhanced
spectroscopy in the following sections.
Figure 4.1d shows the thickness plot of MoS2 triangles and confirms the monolayer and
bilayer flakes of MoS2 on 300 nm SiO2/Si substrate. Moreover, Figure 4.1e illustrates the
chemical structure of R6G molecule.

Figure 4.1. (a) SEM image of three layers MoS2, (b) AFM image of monolayer and
bilayer MoS2, (c) Optical image of mono and bilayer MoS2, (d) thickness plot of
MoS2 flake, and (e) the chemical structure of R6G molecule. (The substrate is a 300
nm SiO2/Si)
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Figure 4.2 shows the Raman spectra and maps of a MoS2 flake coated with R6G
molecules. The spectra shown in Figure 4.2a are collected in distinct positions namely the
substrate (black spectrum), the bare MoS2 flake (red spectrum) and the functionalized
MoS2 flake with R6G (blue spectrum). The Raman band at 520 cm-1 corresponds to the
phonon mode of silicon. The two characteristic peaks of MoS2 (A1g and E2g) can be seen
on both bare and functionalized MoS2 flakes. The vibrational signature of R6G can
remarkably be observed on the functionalized MoS2 flake even though the thickness of
R6G corresponds only to one monolayer.5
Figure 4.2b illustrates the Raman intensity map associated with the E2g and A1g of MoS2
integrated over the [382-403 cm-1] spectral range. According to the optical image, a few
small layers, or aggregates MoS2 are located over the main flake of MoS2. So, the
intensity of A1g and E2g modes in the Raman map are locally higher in the center of the
flake. This non-uniform intensity for the Raman map may be due not only to the different
thickness but also to a higher strain on the edges rather than the center of the flake.
Thermally generated non-uniform tensile strain plays an important role in the CVD
formation of MoS2 monolayers. It also aids in understanding the underlying processes
that cause variations in the perimeter and the center of Raman intensity of monolayer
MoS2.6
On the other hand, Figure 4.2c shows the Raman map related to the most intense mode of
R6G located at 1365 cm-1. The Raman intensity of R6G molecules is mostly homogenous
on the flake of MoS2 indicating a homogeneous functionalization. The Raman intensity
appears lower around the center where extra layers are located. This results in a
decreased Raman enhancement factor of R6G for larger MoS2 thickness which can be
assigned to either a smaller structural disorder for increased number of layers because a
two-dimensional material with more layers is more structurally resilient against
electron/ion bombardment, showing less structural disorder.7 The reduced intensity at the
center of the lattice could also corresponds to or a specific molecular orientation that
yields smaller Raman intensity.7
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Moreover, because of the charge transfer process, the symmetry of R6G molecules is
irreversibly disrupted, resulting in the activation of inactive Raman modes.8 As a result,
the previously discovered highest SERS effect in a monolayer MoS2 sample can be
explained, with the most deposited R6G molecules undergoing a very efficient symmetry
breaking due to the most significant charge transfer reaction, resulting in a larger SERS
effect.8 The efficient transfer of charge carriers may result in a more significant number
of electrons in excited states at the MoS2/R6G contact, resulting in increased Raman
scattering intensity.9

Figure 4.2. (a) Raman spectrum of 300 nm SiO2/Si substrate (black), bare MoS2
(red) and MoS2 coated with R6G molecule (blue), (b) Raman map corresponding to
MoS2 characteristic peaks (A1g and E2g), and (c) Raman map corresponding to R6G
Raman peak at 1365 cm-1.

4.2 PL characterization of functionalized mono and bilayer
MoS2 with R6G
The PL spectrum and PL map of mono- and bilayer of MoS2 on SiO2/Si substrate before
and after functionalizing with R6G dye molecules are shown in Figure 4.3. The PL
intensity for monolayer and bilayer MoS2 decreases after functionalizing with R6G
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molecule (Figure 4.3a, b). Reducing the PL intensity of mono and bilayer MoS2 after
functionalizing with R6G molecules suggests that the electrons are doped into the mono
and bilayer MoS2 from the n-type dopant.10
Moreover, the PL peak for monolayer MoS2 is located at 668 nm and the PL peak of
functionalized monolayer MoS2 with R6G is located at 677 nm. The shifting to the higher
wavelength (redshift) after functionalizing with R6G molecules is mainly due to the
effect of charge transfer between the monolayer MoS2 and R6G molecules.8 The
increased charge transfer between R6G molecules and MoS2 flakes is known to improve
the electron doping of this hybrid material, resulting in a redshift of MoS2
photoluminescence emission wavelength.1
Figure 4.3b shows the PL spectrum of bilayer MoS2 with and without R6G. The PL peak
for both samples is located at 672 and 673 nm for unfunctionalized and functionalized
samples, respectively. The redshift of the PL peak for the bilayer MoS 2 is much weaker
compared to the monolayer MoS2. It can be concluded the doping effect and optical
bandgap shift of R6G molecule on bilayer MoS2 are lower than for MoS2 monolayer.
Because the conduction band of monolayer MoS2 is lower than the excited state of R6G
molecules, the n-doping effect of R6G molecules on monolayer MoS2 can result in
absorbing photoinduced electrons from R6G molecules.1
In MoS2, the indirect-to-direct crossover occurred, and the photoluminescence (PL)
efficiencies of single and few-layer flakes were considerably different. As the layer
thickness increased from monolayer to bilayer, the quantum yield of MoS2 decreased by
more than a factor of 100. Consequently, as the thickness of the MoS2 increased to the
bilayer, the chemical potential difference between R6G and MoS2 was expected to
decrease.11 Therefore, the PL peak intensity difference and shifting between
functionalized and unfunctionalized bilayer MoS2 are not occurring as compared to the
monolayer MoS2.
On the other hand, another peak is located at 624 nm for bilayer functionalized MoS2
with R6G molecule. The primary PL peak at 677 nm for monolayer MoS2 is attributed to
a direct K-K interband transition between the upper lying valence and the conduction
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bands. The direct K-K interband change between the conduction and the lower lying
valence bands is ascribed to the PL peak shoulder that is located at 624 nm for bilayer
MoS2 functionalized with R6G. This PL peak intensity indicates a substantially higher
weight as the number of layers grows from monolayer to bilayer.12 Moreover, the
intensity of 624 nm peak is higher for the functionalized sample that might be because of
the lower chemical potential difference between MoS2 and R6G molecules.
Therefore, Figure 4.3c shows the PL intensity is lower on the bilayer compared to the
monolayer.10 The reason for changing the intensity of the PL from monolayer to bilayer
peak will be discussed in the next section. (section 4.3)

Figure 4.3. PL spectrum of functionalized and unfunctionalized (a) monolayer and
(b) bilayer of MoS2 on 300 nm SiO2/Si substrate. (c) PL map and optical image of
mono and bilayer of MoS2 on SiO2/Si substrate.
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4.3 Study the functionalized MoS2 with R6G by TERS and
TEPL
Figure 4.4a shows the AFM image and TERS map of monolayer and bilayer MoS2 flakes
functionalized with R6G. The average TERS spectra of MoS2/R6G taken from three
positions on the substrate (red), monolayer MoS 2/R6G (green), and bilayer MoS2/R6G
(blue) are shown in Figure 4.4b. The Raman peaks for R6G on both monolayer and
bilayer MoS2 and the intensity of R6G Raman peaks have almost the same magnitude.
Moreover, the A1g and E2g modes of the MoS2 flakes can be well distinguished on the
MoS2 functionalized with R6G without substantial relative position changes. As a result,
even in the presence of R6G molecules, the Raman spectra of MoS2 does not look much
affected (Figure 4.4b, c).
As shown in the previous paragraphs, the Raman spectra of R6G molecules increase
slightly as the number of MoS2 layers decreases.13 According to the charge transfer
model based on photo-transistor observations, electrons generated from the HOMO to the
LUMO of R6G were transported to the conduction band of MoS2 when light with photon
energy greater than the optical band gap of R6G was absorbed. The remaining hole
carriers in R6G’s HOMO level were trapped at the junction of the R6G molecules with
the flakes. The chemical potential difference between the R6G and the TMDs was
primarily responsible for this photoinduced charge transfer mechanism. Because of an
indirect-to-direct crossover in the case of tailored thickness, the confinement of carriers
in the out-of-plane direction gradually increased the bandgap in TMDs. The indirect
relaxation mechanism largely contributed to electron-hole recombination as the number
of TMDs layers increased from monolayer to few layers. As a result, excited electrons in
the few-layered TMDs remained in the conduction band for longer than excited electrons
in the monolayer, reducing the chemical potential difference between the R6G and the
TMDs. The number of TMDs layers has an inverse relationship with the photoinduced
intermolecular charge transfer yield.11
In our work, the similar intensity of R6G Raman peaks on both monolayer and bilayer
MoS2 highlights no significant effect on reducing the chemical potential difference
between the R6G molecule and the MoS2. Figure 4.4 (d-f) illustrates the AFM image of
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monolayer and bilayer MoS2 functionalized with R6G and average TEPL spectrum from
two positions on the monolayer and bilayer of the sample and TEPL map of the
MoS2/R6G sample. It can be seen that the intensity of PL peak for monolayer is higher
than bilayer, and there is a small redshift from 667 nm for monolayer to 668 nm for
bilayer, which is not significant enough to indicate a change in the bandgap nature.

Figure 4.4. (a) AFM image with an overlaid TERS map of monolayer MoS 2 on 300
nm SiO2/Si substrate functionalized with R6G, (b) average TERS spectrum from
three different positions (substrate, monolayer, and bilayer MoS2 functionalized
with R6G), (c) corresponding TERS map of A1g (blue map) and E2g (green map)
modes of MoS2 and R6G Raman modes located at 1365 cm-1 (red map), (d) AFM
image of monolayer and bilayer MoS2 on 300 nm SiO2/Si substrate functionalized
with R6G, (e) average TEPL spectrum of monolayer and bilayer MoS 2/R6G, (f)
TEPL map covered the AFM image and (g) corresponding TEPL map of monolayer
and bilayer MoS2/R6G.
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4.4 KPFM of MoS2 before and after functionalization with
R6G
Figure 4.5 shows the AFM and CPD images of bare MoS2 and MoS2 functionalized with
R6G. The CPD value enhanced decreases by adding R6G molecule to MoS 2 flakes. The
CPD value of MoS2 and MoS2/R6G is -630 mV and -1330 mV, respectively. According
to the work function of the tip, which is around 5.1-5.6 eV, the surface potential of MoS2
is 4.6 ± 0.1 eV, and the surface potential of MoS2 functionalized with R6G is 3.9 ± 0.1
eV. The surface potential of MoS2 decreases by adding R6G, which is related to the ntype doping effect of R6G on MoS2 flake. The surface potential decreases the Fermi level
energy shifted close to the conduction band by adding R6G molecules.14
On the other hand, the layer dependent CPD change is demonstrated in Figure 4.5.
According to the Figure 4.5a, c the thickness of MoS2 flakes increases in the center by
few layers. In addition, the surface potential value of both bare MoS2 and functionalized
MoS2 with R6G molecules is enhanced by increasing the number of layers of MoS2
(Figure 4.5b, d). The greater surface potentials of thicker MoS2 films suggest that as the
number of layers grows, more holes are doped.15 An interlayer screening effect may be
used to explain the change in surface potential with the number of layers. The external
electric field caused by defects in the SiO2/Si substrate has been shown to screen a MoS2
flake’s surface potential. The interlayer screening effect is a well-known example of this.
The interlayer screening effect has a shorter screening length as layer thickness increases.
As a consequence, the screening effect is diminished as layer thickness rises, and the
surface potential of MoS2 flakes approaches the intrinsic surface potential of bulk
MoS2.16
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Figure 4.5. (a) AFM image of MoS2, (b) CPD image of MoS2, (c) AFM image of
MoS2 functionalized with R6G, and (d) CPD image of MoS2 functionalized with
R6G.

4.5 Conclusion
The monolayer and bilayer of MoS2 have been used as a SERS substrate for R6G as
highly fluorescent molecules. According to the Raman results, there is no Raman peak of
R6G molecules on SiO2/Si substrate while the strong Raman peak of R6G can be
observed when coated monolayer and bilayer MoS2 flake. In fact, R6G molecules
adhered efficiently to 2D hexagonal atomic layers. Therefore, more R6G molecules may
connect directly to the monolayer and bilayer MoS2 flakes instead of SiO2/Si substrate,
improving the SERS signal. The R6G molecule is playing a role as n-type dopant which
causes the charge transfer between R6G and MoS2. This effect is resulting in a PL photon
energy redshift of MoS2 and a Raman enhancement for R6G detection; these were
characterized using TEPL and TERS techniques. Moreover, the work function of MoS2
decreases from 4.6 ± 0.1 eV to 3.9 ± 0.1 eV because of the R6G as a n-type dopant.
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Chapter 5

5

Conclusion and Outlook

As previously discussed in early chapters, two studies were described in this thesis,
which are focusing on essential methods of preparation, surface modification, and
spectroscopic characterization. First, the CVD method with controllable parameters was
provided to prepare 2D MoS2 flake with a triangular shape and sharp tips. The CVD
parameters can affect the different features of MoS2 flakes, including thickness, size,
shape, and chemical composition.
A general introduction to the new category of 2D materials such as transition metal
dichalcogenides (TMDs) research and their applications are presented. MoS2, as the most
researched material in the TMDs family due to its unique electrical, optical, catalytic, and
sensing properties, is investigated. Moreover, 2D TMDs with metal nanostructure hybrid
systems that bring up new possibilities and applications by enhancing the TMDs signal
are discussed. Following this, detailed explanations and background information are
provided for functionalizing 2D MoS2 with organic molecules. Also covered are the
fundamental physical and theoretical concepts of plasmonics, Raman spectroscopy
(including TERS), and photoluminescence spectroscopy.
The second chapter of this thesis focuses on the detail and principle of some surface
characterization techniques, including AFM and KPFM. Moreover, all steps for the CVD
method, synthesis of raspberry-like gold nanoparticles, functionalizing MoS2 flakes with
organic molecules, and PMMA assisted transferring process are provided.
In chapter 3, MoS2 flakes were synthesized using the chemical vapor deposition (CVD)
technique on SiO2/Si substrates with different parameters such as distance between
precursors and position on the substrate. Tip-Enhanced Raman Spectroscopy was used to
investigate the influence of varying MoS2 thicknesses on Raman modes. By adding
raspberry-like gold nanoparticles (Au-NPs) on monolayer and bilayer MoS2 flakes, the
plasmon-exciton effects on Raman and photoluminescence enhancement were explored
using tip-enhanced scattering. The KPFM technique studied the effect of substrate on the
surface potential of the MoS2 flake. Also, the surface potential of bare MoS2 and

85

MoS2/Au-NPs was measured by the same technique and compared to study the effect of
gold nanoparticles on the electrical properties of MoS2 flake.
In chapter 4, the 2D MoS2 flakes were studied as SERS substrates for organic molecules,
specifically R6G as highly fluorescent molecules. R6G molecules attached well to 2D
hexagonal MoS2 monolayer, bilayer flakes, and the enhanced Raman modes of R6G can
be observed. The Raman and photoluminescence modes of R6G molecules on MoS 2
flakes with different thicknesses were studied with a high spatial resolution by tipenhanced spectroscopy. Furthermore, the effect of R6G molecules on the surface
potential of MoS2 was investigated and confirmed the R6G molecule is an n-type dopant
for MoS2 and decreases the surface potential. Finally, the effect of thickness on the
surface potential of bare MoS2 and functionalized MoS2 was studied.
As future work, according to the different properties of TMDs, the combination of TMDs
provides a way for creating atomically thin devices and investigating unconventional
two-dimensional physics. So, developing the heterostructures made of distinct TMDs is
challenging. The heterostructures can be grown with the CVD method or transferred
mechanically on top of each other. Synthesizing the heterostructure of TMDs, for
instance, the monolayer of MoS2 and VS2/WS2 by the CVD method and studying the
interlayer coupling with the TERS technique can be a good opportunity for future works.
Also, the heterostructures can be modified with metal nanostructure (gold or silver) for
tunning the physical properties of the TMDs combination. Moreover, different shapes
and sizes of metal nanostructures show different results that can be optimized to enhance
the TMDs signal. In this thesis, the raspberry-like gold nanoparticles with a diameter
between 80-100 nm were used. However, in future work, gold nanoparticles with various
sizes and shapes, including disk or sphere, can be used on or under the TMDs
heterostructures. Also, upon irradiation gold nanoparticles can yield photothermal effects
that may be further investigated in future work to evaluate these effects for gold
nanoparticles of various sizes and shapes and under distinct experimental conditions
including gold nanoparticles concentration, laser intensity, and irradiation time. In fact,
due to the electronic oscillations at the gold nanoparticles surface, gold nanostructures
have a remarkable ability to generate photothermal effects; this ability is governed by the
surface plasmon resonance conditions yielding to local heating effects. These phenomena
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have been actively studied for a range of applications in bioimaging, cancer photothermal
therapy, and catalysis. The effect of photothermal heating coupled to transition metal
dichalcogenides can be further investigated future work.
On the other hand, work in the future may look for functionalizing TMDs
heterostructures with organic molecules and studying them as SERS substrate to
investigate how the coupling of TMDs can further enhance the SERS effect. Beyond dye
molecules that have large scattering cross section, other smaller organic and non-resonant
molecules could be investigated.
Furthermore, making artificial defects on MoS2 flake and studying them by TERS
technique with spatial resolution between 10-20 nm will be provided new information
about MoS2’s electrical, optical and catalytic properties, which is realizing highperformance TMDs nanostructure. After creating these defects, the flakes can be
interfaced with properly designed metallic nanostructure to gain a better control over the
exciton-plasmon interaction. These hybrid materials could also be functionalized with
organic molecules to open addition surface properties. All these hybrid systems open a
new very rich area for future research using TMD as a stable platform.

87

Appendix – Copyrights

88

89

90

91

92

93

94

95

96

97

Curriculum Vitae
Name:

Pooneh Farhat

Post-secondary
Education and
Degrees:

Sharif University of Technology
Tehran, Iran
2011-2016 B.A.Sc.
Sharif University of Technology
Tehran, Iran
2016-2018 M.A.Sc.
University of Western Ontario
London, Ontario, Canada
2019-2021 M.Sc.

Related Work
Experience

Teaching Assistant
University of Western Ontario
2019-2021

Publications:
The journal of physical chemistry (Submitted).
“Tip-Enhanced Raman Spectroscopy and Tip-Enhanced Photoluminescence of MoS2
Flakes Decorated with Gold Nanoparticles” Farhat, Pooneh; Aviles, Maria; Legge,
Sydney; Wang, Zhiqiang; Sham, Tsun-Kong; Lagugné-Labarthet, François.
Conference
Contributions

International Conference on Enhanced Spectroscopies (2019)
London, Ontario, Canada
Poster Presentation: Avilés, M. O.; Farhat, P.; Lagugné-Labarthet,
F. Tip-Enhanced Raman Spectroscopy of Semiconducting
Materials.
10th Annual Nano Ontario Conference (2019)
Toronto, Ontario, Canada
Poster Presentation: Avilés, M. O.; Farhat, P.; Lagugné-Labarthet,
F. Tip-Enhanced Raman Spectroscopy of 2D MoSe2 flakes
prepared by Liquid Exfoliation.
103rd Canadian Chemistry Conference and Exhibition (2020)
Winnipeg, Manitoba, Canada

98

Poster Presentation: Farhat, P.; Avilés, M. O.; Lagugné-Labarthet,
F. Tip-Enhanced Raman Spectroscopy (TERS) of Transition Metal
Dichalcogenides.
Graphene and 2D materials International Conference (2020)
Online Conference
Poster Presentation: Farhat, P.; Avilés, M. O.; Wang; Kong Sham,
T. K.; Lagugné-Labarthet, F. Tip-Enhanced Raman Spectroscopy
(TERS) of Transition Metal Dichalcogenides.
MSC·SMC Symposium (2020)
Sherbrooke, Quebec, Canada
Oral Presentation: Farhat, P.; Avilés, M. O.; Lagugné-Labarthet,
F. Tip-Enhanced Raman Spectroscopy (TERS) of Transition Metal
Dichalcogenides.
104th Canadian Chemistry Conference and Exhibition (2021)
Online Conference
Oral Presentation: Farhat, P.; Lagugné-Labarthet, F. Raman and
Photoluminescence of Au-decorated MoS2 flakes by Tip-enhanced
scattering.

